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Elaboration and characterization of titanium dioxide thin films by Sol-Gel   

(spin - coating) process for photovoltaic applications. 

Titanium oxide thin films have been deposited on glass substrates by sol-gel spin 

coating method using titanium tetra-isopropoxide (TTIP), absolute methanol and 

acetylacetone as precursor solution, solvent and catalyzer, respectively. The effect of the 

number of layers, the mixed solvent's percentage of ethanol and methanol, the drying 

temperature, the stirring (mixing) time, lanthanum (La) doping and manganes (Mn) doping on 

the structural, optical and electrical properties of TiO2 films, these films were annealed at 500 

°C. 

All films have been characterized by multiple techniques such as X-ray diffraction 

(XRD), UV-Visible spectroscopy, Fourier transform infrared (FTIR) spectroscopy and four 

probe method to investigate the physical properties of titanium dioxide films. X-ray 

diffraction analysis showed that the films are polycrystalline in nature having tetragonal 

structure of anatase phase with preferred growth orientation along (101) plane. The 

transmittance of TiO2 films was high up to 90 % and it is probably related to the good 

crystalline quality of the films. The band gap was varied between 3.37 and 3.75 eV. 

Furthermore, the electrical measurements revealed that prepared TiO2 films at different drying 

temperatures have a low resistivity (about 11.10 × 102
 – 1.22× 102

 (Ω.cm)) which made these 

films suitable for  photovoltaic and optoelectronic applications. 

 

Keywords: Thin films, Titanium oxide, Sol-Gel, spin coating technique, Doping, Structural 

properties, Optical properties, Electrical properties. Photovoltaic applications. 
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Elaboration et caractérisation des couches minces d’oxyde de titane par voie 

Sol-Gel (spin - coating) en vue d’applications photovoltaïques. 

Des films minces de d'oxyde de titane ont été déposés sur des substrats de verre par la 

trchnique de revêtement par centrifugation sol-gel en utilisant du tétra-isopropoxyde de titane 

(TTIP), du méthanol absolu et de l'acétylacétone comme solution précurseur, solvant et 

catalyseur, respectivement. L’effets de la nombres des couches, du pourcentage d'éthanol et 

de méthanol du solvant mélangé, la température de séchage, le temps d'agitation (mélange), 

dopage par lanthane (La) et dopage par manganes (Mn) sur les propriétés structurelles, 

optiques et électriques des films de TiO2 , ces films ont été recuits à 500 °C. 

Tous les films ont été caractérisés par de points pour étudier les propriétés physiques 

des films d'oxyde de titane. L'analyse par diffraction des nombreuses techniques telles que la 

diffraction des rayons X (DRX), la spectroscopie UV-Visible, la spectroscopie infrarouge à 

transformée de Fourier (IR-TF) et la méthode de quatre rayons X a montré que les films sont 

de nature polycristalline et présentent une structure tétragonale de phase anatase avec une 

orientation de croissance préférée selon le plan (101). La transmittance des couches d'TiO2 

était élevée jusqu'à 90% et elle est probablement liée à la bonne qualité cristalline des films. 

La bande interdite variait entre 3.37 et 3,75 eV. De plus, les mesures électriques ont révélé 

que les films de TiO2 préparés à différentes températures de séchage ont une faible résistivité 

(environ 11.10 × 102 – 1.22 × 102 (Ω.cm)) ce qui rend ces films adaptés aux applications 

photovoltaïques et optoélectroniques. 

 

Mots-clés: Couche mince, Dioxyde de titane, Sol-Gel, Technique de spin coating, Dopage, 

Propriétés electrique, Propriétés optique, Propriétés électrique, Applications photovoltaïques. 
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هلام من  -سائل نية الطرد المركزي بواسطة تق تحضير و توصيف الشرائح الرقيقة لأكسيد التيتانيوم

 أجل التطبيقات الكهروضوئية

هلام  –بواسطة تقنية الطرد المركزي سائل  على ركائز زجاجية  تم ترسيب الشرائح الرقيقة لأكسيد التيتانيوم

وأسيتيل الأسيتون كمصدر، مذيب ومثبت على التوالي.  الميثانول ،  باستخدام التيتانيوم رباعي الأيزوبروبوكسيد

، درجة حرارة ل و الميثانولوقد تم دراسة تأثير كل من عدد الطبقات ، نسبة المذيب المختلط من الإيثانو

، الضوئية  والمنغنيزعلى الخصائص البنيوية ثانمنو، التطعيم باستخدام الل يك )خلط( المحلولتحرالتجفيف ، وقت 

 درجة مئوية. 500حيث تم تلدين هذه الأفلام عند  ، الرقيقة لتيتانيوموالكهربائية لشرائح أكسيد ا

البنفسجية والمرئية، ، المطيافية فوق  تم توصيف كل الشرائح باستعمال عدة طرق مثل انعراج الأشعة السينية

إنعراج الأشعة السينية ت تحاليل نتائج أظهر .وتقنية المسابير الأربعة ( FTIR )مطيافية الأشعة تحت الحمراء

ع اتجاه مفضل للنمو وفق م وفق الطور أناتازذات طبيعة متعددة البلورات ببنية رباعية الشكل  أن الشرائح

 % 90عالية بحيث وصلت إلى النسبة  لتيتانيومشرائح أكسيد ا نفاذيةإضافة إلى ذلك كانت . (101المستوي )

إلكترون  3.75 -3.37ين النطاق الممنوع ما ب كما تتراوح قيم فجوة وقد يعود ذلك للتبلور الجيد لهذه الشرائح.

المحضرة عند درجات حرارة  التيتانيومأكسيد  أغشيةعن ذلك، أظهرت القياسات الكهربائية أن  علاوةفولط. 

 x 11.10 - 210 x 1.22 210ن بين الشرائح المحضرة )تتراوح ما بين مقاومية م تملك أقل تجفيف مختلفة

 .و الإلكتروضوئية التطبيقات الكهروضوئية مما يجعلها صالحة للاستعمال في (أوم.سم

خصائص هلام، تقنية الطرد المركزي، تطعيم، –الشرائح الرقيقة، أكسيد التيتانيوم ، سائل  : الكلمات المفتاحية

 ة ، التطبيقات الكهروضوئية .كهربائي خصائص ضوئية، خصائص هيكلية ،
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Solid thin films represent a class of materials that has aroused growing interest both 

from a fundamental and technological point of view since the beginning of the 1980 s. They 

can be produced from conductive, insulating, semi-conductive and polymeric materials. The 

thickness of films deposited on substrates can vary from an atomic plane (a few Angstroms) 

to several micrometers. Their physical properties are closely related to the deposition 

parameters. Where, in the last decades, a growing interest paid to thin films of transparent 

conducting oxides (TCO) which degenerate semiconductors with a large gap (≥ 3eV) [1]. Due 

to the interest of transparent conductive oxides, many research works is devoted to the study and 

synthesis different physical and chemical properties of these materials such as In2O3, TiO2, 

SiO2, ZnO and Bi2O3 etc [2,3]. Titanium dioxide (TiO2) is one of the most important group 

II–VI semiconductor materials on the part of both industry and science fields because of its 

flexible properties that include a high refractive index, a wide band gap (3.2 eV), and high 

physical and chemical stability and non-toxic nature [4,5]. Furthermore, titanium oxide can be 

grouped into three crystalline phases: rutile, anatase and brookite [6,7]. The presence of any 

one or more than one phase in the material can effect on the micro-structural, optical and 

electrical properties of the material [8]. Among these phases rutile is the most stable phase 

and it is usually obtained after annealing at temperature above 500 oC [9]. While the other two 

phases are metastable which are difficult to synthesize and are continuously studied [10]. In 

addition, titanium dioxide has been extensively investigated nano-materials owing to their 

great potential application in this field: photo-catalysis [11], photonic device and solar cell 

[12], optical filters, antireflection coatings [13], ferroelectric and gas sensing [14]. In order to 

obtain enhanced their properties of titanium dioxide (TiO2), several working have been 

widely studied the effect of different parameters on the physical properties of TiO2 thin films 

have been reported by various method [15,16]. In order to obtain high quality optoelectronic 

devices based on TiO2, usually the perfect film thickness is necessary for best device 

performance. Furthermore, it is highly motivating to study the influence of film thickness on 

the structural, optical and electrical properties due to the most important decisive of this factor 

for film physical properties. 

Conventional technique can be achieved to the fabrications of titanium dioxide films 

include, ultrasonic spray pyrolysis [17], radio frequency (RF) magnetron sputtering [18], 
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chemical vapor deposition (CVD) [19], pulsed laser deposition (PLD) [20] and sol-gel 

process [21]. 

The sol-gel method allows the production of a wide variety of oxides in different 

configurations (monoliths, thin films, fibers, powders). This great diversity, both in materials 

and in shaping, has made this process very attractive in technological fields such as optics 

[22] electronics [23], biomaterials [24]. It also has the advantage of using a soft chemistry and 

being able to lead to very pure and stoichiometric materials [25]. The basic principle of the 

sol-gel process corresponding to the abbreviation of "solution-gelation" is as follows: a 

solution based on precursors in the liquid phase is transformed into a solid by a set of 

chemical reactions of the polymerization type at ambient temperature. Moreover, among of 

these methods, sol-gel method offers several advantages including simplicity of equipment 

and ease of implementation of the material, low energy cost, high purity and better 

homogeneity of the material, and realization of multi-component deposits in a single 

operation [26].  

This thesis contains the following seven chapters: 

Chapter I : This chapter is concerned with studying of the transparent conductive 

oxides (TCO) and presents the definition of it, their properties and applications. In addition, a 

brief overview of titanium dioxide's structural, optical, and electrical properties is offered, 

with a focus on its photovoltaic applications.  

Chapter II : This is chapter discusses the different techniques used for the deposition of 

titanium oxide (TiO2) thin films. And in particular, the technique of Sol-Gel (spin coating). 

This chapter also discusses the analysis techniques used in the characterization of the samples, 

which characterized using X-ray diffractometer (XRD), spectroscopy and fourier transform 

infrared spectroscopy (FTIR). On the other hand, for the study of the optical properties, UV-

VIS spectroscopy was used and the four-point technique for the study of the electrical 

properties. Furthermore, the study of different relationship of calculation of the deposit’s 

characteristics (crystallite size, Strain, dislocation density, stress, conductivity and optical 

gap...etc.). 

Chapter III : Deals with the preparation and characterization of titanium oxide (TiO2) 

films deposited by sol - gel (spin coating) method on glass substrates with different number of 

spin-coated layers. In addition, this is chapter devoted to studied the influence of the mixed 
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solvent's (ethanol + methaol) ratios on the crystalline structure, optical, and electrical 

properties of TiO2 thin films 

Chapter IV : The influence of drying temperature and stirring time on the properties 

structural, optical and electrical of prepared titanim dioxide thin films by sol-gel (spin 

coating) technique was investigated. 

Chapter V : Gives an account of lanthanum and manganese doped titanium dioxide 

(TiO2) films prepared by sol-gel (spin coating) on glass substrates at equal to 500 °C with 

different mol.% of La and Mn  doping. The films were prepared in well conditions. 

The thesis objective : 

The main objective of this thesis work is the synthesis and the study of the structural, 

optical and electrical properties of TiO2 thin films and to optimize the growth conditions of 

TiO2 thin films for photovoltaic applications (front electrodes for solar cells, photocatalysis, 

gas sensors…etc.), which are grown on glass substrates and cost effective technique’s use 

which is Sol-Gel spin-coating  process. 
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I.1. Introduction  

Transparent conductive oxides are degenerate semiconductors with a large gap (≥ 3eV), 

it also constitutes a special type of material that combines two physical properties together, 

high optical transparency and high electrical conductivity. This unusual set of physical 

features is produced by creating free electron or hole carriers in a material with a big enough 

energy band gap to be non-absorbing or transparent to visible light. Due to the interest of 

transparent conductive oxides, a lot of research work are devoted to the study and synthesis of 

these materials. Metal oxides are generally big gap semiconductors. They can be represented 

by MOn (with M denotes the metal atom and O an oxygen atom), and the Titanium dioxide is 

one of transparent conductive oxides (TCOS) [1]. 

Titanium dioxide is a unique material because of its flexible properties that include a 

high refractive index, a wide band gap (3.2 eV), and resistance to chemical and physical 

impacts. In addition, titanium dioxide has very good semiconducting properties, including 

photocatalysis, photonic device and solar cell, optical filters, antireflection coatings, 

ferroelectric and sensors. This wide range of the application of TiO2 is due to its unique 

electronique and structural properties. TiO2 can be grouped into three crystalline phases: 

rutile, anatase and brookite. The presence of any one or more than one phases in the material 

can affect on the micro-structural, optical and electrical properties of the material. Among 

these phases rutile is the most stable phase and it is usually obtained after annealing at 

temperature above 500 oC. While the other two phases are metastable which are difficult to 

synthesize and are continuously studied [2]. 

This chapter is concerned with studying one of the transparent conductive oxides, 

titanium oxide, and studying the most important general properties of it and its various 

appliations. 

I.2. Transparent conductive oxides (TCOS) 

I.2.1. Definition of TCOS 

Transparent Conductive Oxides (TCOs) are promising materials. Since the discovery of 

the dual property of electrical conductivity and transparency in the visual domain at the turn 

of the century [3] , and also they are defined as oxides which are made from metal oxides of 

single, binary and more recently multiple elements. They are applied as thin films using 

various deposition techniques such as jet pyrolysis, evaporation, sputtering, and laser ablation, 

molecular beam epitaxy [4,5]. 
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Transparent conducting oxides (TCOs) have the unique combination of transparency 

and electronic conductivity and are key enablers of technologies like pressure-sensitive 

displays. The combinations of indium (In2O3), zinc (ZnO) and tin oxide (SnO2), and cadmium 

oxide (CdO) dominate on TCOs, with indium-tin oxide (ITO) prevalent (Pasquarelli et al, 

2011) [6]. In addition that TCOs generally have relatively high melting points but also high 

density, low hardness and high refractive indices. However, they transmit in the visible and 

can feature luminescence, high electron mobilities and semiconductor and piezoelectric 

behavior (Weber, 2003) [7]. As a result, three different electrical states are attainable: 

conductor, semiconductor and insulator, according to the energy band theory, (Figure I.1). In 

the conductor, the valence band (VB) and the conduction band (CB) overlap, as a result, 

electrons can freely flow. The semiconductor has, for its part, a prohibited band which 

separates CB and VB commonly called gap. The electrons cannot take the located energies in 

this band. They need to acquire energy to move into the CB. For a gap greater than 4 eV, we 

speak of insulation because even at room temperature, CB is empty [8].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.1. The classification of materials based on bands theory (e- = electrons, o = holes) [9]. 

I.2.2. Properties of TCOs 

Historically, Karl Baedeker observed the first cohabitation of electrical conductivity and 

optical transparency in the visible range in 1907 [10]  on thin layers of cadmium oxides CdO 

[11] , which could be considered to be the first oxide that appeared to be transparent and 
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conductive. But, the first TCOs useful for practical applications was tin-doped indium oxide 

[(In2O3: SnO2) (90wt%: 10wt%)], commonly known as ITO. It was developed in the early 

1950s, and remained among the materials offering the best optical and electrical performance 

[12,13]. It has been the TCOs of choice for the past 50 years intended for applications 

requiring high conductivity and transparency in the visible region. Research in the early 1980s 

focused on intrinsically doped ZnO thin films [14,15], only their electrical properties were 

found to be unstable above 150 °C [16]. This problem has been solved by employing the 

extrinsically doped films [16]. 

I.2.2.1. Optical properties 

The existence of an optical window covering the entire visible domain is characteristic 

of TCOs. Optical transmission is defined as the ratio between the intensity of the incident 

light and the intensity of the light transmitted through the material under consideration. The 

absorption spectrum is deduced from the transmission and reflection spectra [17]. For 

exemple TCOs are produced polycrystalline or amorphous and are often doped with several 

elements, such as fluorine (F) [18], antimony (Sb) [19], titanium (Ti) [20] and galium (Ga) 

[21].Visible transparency can be up to 90% (thin coatings) with transmission windows 

spanning from 0.35 to 3.5 µm . Moreover, they can absorb UV and reflect IR wavelengths, 

making them useful heat reflectors with UV protection. 

I.2.2.2. Electrical properties 

The physics of large gap semiconductors describes the electrical properties of TCOs. 

The conductivity σ expressed in Ω-1.cm-1 is the product of the density of charge carriers nV in 

cm-3, the mobility µ of these charges in cm².V-1.s-1 and the elementary electric charge of the 

electron q (formula I.1). Resistivity ρ, defined as the inverse of conductivity, is expressed in 

Ω.cm [22]. 

                                     σ =q nv μ = 
𝟏

𝛒
                                                                             (I.1) 

An important surface electrical property in the field of TCOs is the surface resistance RS 

defined as the ratio of the resistivity to the thickness of the layer according to the relation (I.2) 

[22]: 

                                                     R = ρ / e                                                                             (I.2) 
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I.2.2.3. General properties of TCO 

In addition to good optical and electrical properties, other factors influence the materials 

and deposition procedures that are used. The etching of the layers, The cost of production, as 

well as the toxicity, are essential considerations. The plasma frequency, the hardness of the 

layers and the adhesion, the thermal and chemical resistance of the layers are also essential 

parameters. Gordon has studied the different influences of all these parameters giving criteria 

for various applications [23]. 

Control of the parameters of the deposition method is of great importance for the growth 

of high quality TCO films. The physical properties of the TCO thin film are strongly related 

to the structure, morphology and composition of the deposit. These factors are effected by the 

deposition parameters of the different methods. For TCOs, a wide variety of deposition 

techniques are used. 

TCOs must have a strong electrical conductivity and low visual absorption in the visible 

range. This is why tests for the quantitative evaluation of the quality of TCO have been 

proposed in the form of "figures of merit" [Haacke, 1976], an example of which is described 

by Gordon's equation (I.3) [24]. 

                                               
𝛔

𝛂
= −

𝟏

𝐑𝐬𝐪 𝐥𝐧(𝐓+𝐑)
                                                         (I.3)    

where : σ is the conductivity (Ω-1.cm-1), α is the absorption coefficient (cm-1), Rsq is the 

square resistance (Ω), T [%] is the coefficient of  transmission, and R [%] is the coefficient of  

reflection.  

I.3. Titanium dioxide 

I.3.1. Generality 

Titanium dioxide (TiO2) is a unique material due to its flexible properties which include 

a high refractive index, a wide forbidden band (3.2 eV), and resistance to chemical and 

physical impacts. In addition, titanium dioxide has very good semiconductor properties, 

which has generated significant enthusiasm on the part of scientists for various applications, 

and in particular for photocatalysis, antireflection coatings, optical waveguides, photonic 

crystals, devices based on a metal, insulator, ferroelectric, semiconductor structure [25]. 

Moreover the properties of titanium oxide (TiO2) depend on several parameters, namely the 

nature of the phase, the microstructure, the crystallinity and the chemical composition. These 

parameters can be modified either by the method of preparation or by heat treatment or by 
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additions. The modification of the properties of TiO2, using a doping metal, depends both on 

the type of metal of its concentration and on its distribution [15]. 

Titanium oxide (TiO2) has been the subject of several studies because with interesting  

physicochemical properties due to its chemical stability, low cost and many other aspects 

presented in what follows. In 2010, the world production of TiO2 used as pigment is estimated 

at 5.3 million tons, 55 to 60% by the chlorine process, 40 to 45% by the sulfuric process, 

mainly in China. This production reached 6.55 million tonnes in 2012 and the market is 

expected to reach 6.8 million tonnes in 2016. Titanium oxide is very chemically stable, non-

volatile and non-flammable. It is non-toxic and has both a very high refractive index and a 

very high dielectric constant. It is obtained from titanium ore, about 95% of the amount of ore 

extracted is used for the production of the pigment and only 5% for the preparation of the 

metal [26]. 

I.3.2. structural properties of TiO2 

Titanium dioxide exists in several forms, the three main ones being anatase, rutile and 

brookite [27] : 

I.3.2.1. Anatase structure  

Anatase crystallizes in a quadratic or tetragonal system, whose lattice parameters are     

a = b = 3.784 Å and c = 9.515 Å [28], it has a theoretical density of 3.79 (g/cm3), is also an 

insulator with a band gap of about 3.2 eV [29] .When heated to 700 °C, it turns into rutile. 

The crystal structure of anatase is far more complicated than that of rutile, the octahedra there 

have been "deformed". Figure I.2 shows the structure of anatase. The crystal structure of 

anatase is formed of octohedra linked together by edges, these octahedra being elongated 

along the c axis. It has its own 2 atoms of titanium and 4 atoms of oxygen where the mean   

Ti-O distances (1.917 Å). This structure is formed at temperatures lower than those of rutile 

formation and those of broukite, it crystallizes at about 400 °C and it shares several properties 

with rutile such as hardness and density [30]. 

I.3.2.1. Rutile structure  

The rutile is most thermodynamically stable phase , derives its name from the latin 

rutilus, which means red, in reference to the observation of a red shade transmitted through 

this structure, where it strongly refracts light, with a high refractive index of value between 

(2.7-3.1) [31], so it has been widely applied in pigments and in opacifieds. The mesh of rutile 
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is quadratic or tetragonal system, whose lattice parameters are (a = b = 4.5936 Å, c = 2.9587 

Å) [28]. The rutile mesh is shown in Figure I.2. Moreover, each titanium (Ti) atom is 

coordinated with six (O) oxygen atoms and is surrounded by three coplanar titanium atoms at 

the vertices of an almost equilateral triangle, the average inter-ionic distance in rutile is    

1.959 Å for Ti-O bonds and 2.960 Å for Ti-Ti bonds [32]. This form is produced at high 

temperature [33]. 

I.3.2.3. Broukite structure  

Broukite crystallizes in the orthorhombic crystal system. Its mesh parameters are:          

a = 9.184 Å; b = 5.447 Å; c = 5.145 Å [28] (Figure I.2). Brookite has a more complex 

structure, although the Ti – O distances are similar to other structures [32]. Almost all studies 

relating to the synthesis of TiO2 brookite reveals the presence of brookite and rutile  and/or 

anatase phases at the same time. The brookite phases transform into rutile phases at high 

temperatures, starting around 750 °C. [34]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.2. Crystalline structures of titanium dioxide (TiO2) in different phases: 

 (a) anatase, (b) rutile, (c) brookite [35]. 
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Table I.1. Properties of the different phases of titanium dioxide [36]. 

Phase Anatase Rutile 

 

Broukite 

Crystal structure tetragonal tetragonal orthorhombic 
 

Lattice constants 

(Å) 

a = b = 3.784 
c = 9.514 

a = b = 4.5936 
c = 2.9587 

 

a = 9.184 
b = 5.447 
c = 5.145 

Molecule/cel 4 

 

2 8 

The density (g/cm3) 

 

3.79 4.13 3.99 

Volume/molecule 

(Å3) 

34.061 31.216 32.172 

𝑂 - 𝑇𝑖 - 𝑂 bond 

angle 

77.7° 
92.6° 

81.2° 
90° 

 

77° ~ 105° 
 

𝑇𝑖-𝑂 bond length 

(Å) 

1.937 (4) 
1.965 (2) 

1.949 (4) 
1.980 (2) 

 

1.87 ~ 22.04 
 

Hardness (Mohs) 5.5 - 6.0 

 

6 - 6.5 5.5 - 6.0 

Refractive index 2.48 – 2.56 

 

2.61 – 2.89 2.58 – 2.70 

Atomic radius (Å) r (Ti4+) = 0.605 

r (O2
-) = 1.36 

 

r (Ti4+) = 0.605 

r (O2
-) = 1.36 

r (Ti4+) = 0.605 

r (O2
-) = 1.36 

d (Ti4+ - O2
- ) (Å) 1.93 – 1.98 

 

1.95 – 1.99 1.86 – 2.04 

Coordination [Ti4+] = 6 

[O2
-] = 3 

 

[Ti4+] = 6 

[O2
-] = 3 

[Ti4+] = 6 

[O2
-] = 3 

Compactness 0.645 

 

0.708 0.655 

 

I.3.3. Optical properties of TiO2 

I.3.3.1. Refractive index of TiO2 

In the visible spectrum, several kinds of titanium oxide have a high refractive index n. 

rutile has the highest index (n ~ 2.66) of the three stable crystalline phases, which is higher 

than that of anatase (n ~ 2.54). This, paired with a high visible light dispersion coefficient, 

makes the rutile phase a popular white pigment of choice for industry (paints, food or 

pharmaceutical dyes, etc.) [37,38].  
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I.3.3.2. Gap of TiO2 

As a result, TiO2 is portrayed as a semiconductor with a broad prohibited band (band-

gap). The Rutile, Anatase and Brookite gaps have a value of 3 eV, 3.2 eV and 3.1 eV 

respectively (Eg between the valence band (corresponding to the O2p orbital) and the 

conduction band (corresponding to orbital Ti3d). Transitions corresponding to photons in the 

ultraviolet domain result from these gap values [39]. 

I.3.4. Electrical properties of TiO2 

Titanium dioxide is an n-type semiconductor, TiO2 single crystals have a resistivity of 

about 1013 Ω.cm at room temperature, and about 107 Ω.cm at 250 °C. These values are similar 

to conductivities reported for a rutile single crystal : while the conductivity was 5 × 10-14 

(Ω.cm)-1 at 30 °C, it is increased to 3.3 × 10-9 (Ω.cm)-1at 260 °C. Therefore, TiO2 is generally 

considered to be an insulator at temperatures below 200 °C. Highly insulating TiO2 films have 

a variety of applications, including serving as a dielectric "gate" in metal-oxide-

semiconductor field-effect transistor (MOSFET) devices. The electrical properties of the TiO2 

sheet, furthermore, can be changed to make it particularly conductive for a variety of 

applications, including humidity and gas sensors [40]. 

I.3.5. Electronic properties of TiO2 

TiO2 can be considered either as a wide band gap n-type semiconductor or as a narrow 

band gap oxide. It has a band gap slightly greater than 3eV. In its stoichiometric state, 

occupied states derive mainly from oxygen atoms; free states derive from Ti atoms. When 

reduced, the material contains oxygen vacancies [17]. For the three crystalline forms of TiO2 

mentioned above, the valence band is formed by the overlap of orbitals eg of titanium and 2p 

of oxygen (Figure I.2). The conduction band is formed by the eg and t2g orbitals of titanium 

[39]. 

 

 

 

 

 

 

 

 

 

Figure I.3. Schematic representation of the electronic structure of TiO2 [25]. 
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I.4. Stability of crystalline phases 

Rutile is the stable phase at high temperature, the anatase phase is mainly obtained 

during syntheses by soft chemistry. The anatase phase is stabilized in nanomaterials. This 

reversal of stability is due to the surface energy of materials. 

The particular behavior of nanomaterials has been explained by the surface effect. At 

the nanoscale, a large number of atoms are found on the surface of the grains. As a result, the 

material properties show significant changes compared to the same coarse-grained materials. 

Thus, the surface energy, called γ, for a phase to be thermodynamically stable outside the 

classical stability domains is expressed as follows: 

                                            𝛄 = 𝛂𝐕 + 𝛃𝐒                                                                                       (I. 3)                                                        

with α and β the free energies respectively by volume V and by surface S. 

where we find that the free energy in volume is less in the case of rutile , the trend is reversed 

in the case of free surface energy . In the case of small crystals, the role of surface energy is 

enhanced: free energy is then minimized in the case of anatase which is stabilized. 

Banfield et al. [41] studied the stability of various polymorphic phases of TiO2 by       

X-ray diffraction during isochronous and isothermal reactions.  Banfied showed  that rutile is 

energetically stable when the particle size is greater than 35nm, and that the brookite phase is 

energetically stable between 11 and 35 nm, and that anatase is energetically favored for the 

smallest particles less than 11nm (see Figure I.4) [42]. 
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Figure I.4. Evolution of the enthalpy of anatase (thick line), rutile (thin line) and brookite (dotted 

line) as a function of the size of the nanocrystals. The vertical lines correspond to the brookite-anatase 

transition for a diameter of 11 nm, the anatase-rutile transition for a diameter of 16 nm and the 

broukite rutile transition at 35 nm [42]. 

Finally, experimental analyzes, thermodynamic calculations and calculations are based 

on the structure that confirm the properties of TiO2 which are in the form of thin layers and 

strongly depend on the phase of its microstructure. These vary according to the techniques 

and the conditions of preparation, as well as by the heat treatments. 

I.5. The titanium-oxygen phase diagram 

From the phase diagram, rutile is the most stable structure, it exists in a temperature 

range below 1870 °C, which is the melting temperature of TiO2. Which disappears completely 

at a temperature above 700 °C during the anatase structure after an irreversible of anatase-

rutile transformation. This transformation can take place at temperatures lower or higher than 

700 °C, namely the type and the percentage of impurities which contains the TiO2 matrix. 

When the stoichiometry of titanium dioxide varies from 0 to 2, we find the following phases: 

Ti, Ti2O, TiO, Ti2O3, Ti3O5, TinO2n-1 and TiO2 (see Figure I.5) [19]. 

 

 

 

 

 

 

 

 

 

 

Figure I.5. Phases diagram of titanium-oxygen [43]. 

I.6. Doping of titanium dioxide (TiO2) 

Several studies have been devoted to doping and its influence on the structural 

properties of thin titanium oxide films obtained by different methods. The modulation of these 

properties does not only depend on the type of dopant, but also on its concentration, its 
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distribution in the TiO2 network, the technique and the conditions of preparation. The doping 

of TiO2 thin films is accompanied by significant changes in structure and morphology, such as 

the transformation of the anatase structure to the rutile structure, the transformation of the 

brookite structure to the rutile structure and the appearance of new phases.  

One of the most essential ways is to doping TiO2 dioxide with transition metals [44], 

and multiple studies have been carried out with various metals: iron (III) (Fe), zirconium (Zr), 

cerium (Ce), manganese (Mn), chromium (Cr) and cobalt (Co), tungsten (W) , silver (Ag), 

zinc (Zn), copper (Cu) [45,46], other metals, for example: magnesium (Mg), strontium (Sr), 

barium (Ba), calcium (Ca), lead (Pb). 

Several authors claim that this form of cationic doping lowers TiO2 energy barrier by 

narrowing the width prohibited band's [47]. However, the majority of works adhere to the fact 

that this doping increases the recombination of charges (electrons and holes) [48]. 

The effect of lanthanum (La-TiO2) and manganese (Mn-TiO2) doping on titanium 

dioxide is investigated in this thesis.  

I.6.1. Lanthanum properties 

Lanthanum takes its name from the greek word « lanthanum » which means hiding, 

because this element has long remained hidden in cesium oxide. Lanthanum comes in the 

form of a malleable, ductile, silvery-gray metal which, like sodium, is soft enough to be split 

with a blade. It oxidizes both in air and in water. (Table I.2). 

                                           Table I.2. Lanthanum properties. 

Sympol La 

Atomic number 57 

Atomic mass 138.91 (g.mol-1) 

Density 6.18 (g.cm-3) at 20°C 

Melting point 920°C 

Boiling point 3463°C 

Electronic configuration [Xe] 5d1 6s2 

Group, Periode, Bloc 3, 6, f 
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I.6.2. Manganese properties 

Manganese is a chemical element with the symbol Mn and  is a pinkinsh-gray, 

chemically active element. It is a hard metal and is very brittle. It is hard to melt, but easily 

oxidized. Manganese is reactive when pure, and as a powder it will burn in oxygen, it reacts 

with water (it rusts like iron) and dissolves in dilute acids. (Table I.4). 

Table I.3. Manganese properties. 

Sympol Mn 

Atomic number 25 

Atomic mass 54.9380 (g.mol-1) 

Density 7.43 (g.cm-3) at 20°C 

Melting point 1247°C 

Boiling point 2061°C 

Electronic configuration [Ar] 3d5 4s2 

Group, Periode, Bloc 7, 4, d 

 

I.7. Applications of TiO2 thin films 

I.7.1. Photocatalyst 

Like all transition metal oxides, titanium dioxide has many applications, in catalysis, 

electronics and optics. Since the discovery of the photoelectrochemical properties of TiO2, in 

particular the capacity to decompose water by producing hydrogen in 1972, photocatalysis  

begun to have more attention, therefore, research intensifies, and the applications of this 

emerging technology are diversifying (Table I.4). The electronic properties of TiO2, its low 

economic cost, its chemical stability and its non-toxicity, make it a occupies a privileged 

place among these oxides and a catalyst of choice for this technology [49].  

But what exactly is the process of photocatalysis and the photocatalysts that make it 

happen? 

A photocatalyst is a coating agent containing titanium dioxide as its active component. 

An oxidation-reduction chemical reaction occurs when light comes into contact with the 

photocatalyst. When applied to surfaces it functions to purify air so as to prevent the 

contamination of the surface. Moreover, this technology functions as a revolutionary catalyst 

for protecting the environment. 
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                    Table I.4. Summary of TiO2 applications in photocatalysis [50]. 

Category Application Properties 

Building Materials 

Cements, roof tiles, window 

tents, plastic sheets, coated, 

aluminum panels, curtains 

 Self-cleaning. 

 Antibacterial. 

 Air purification. 

 Water purification. 

 

Soundproof walls, coated, 

tunnel walls, signage and  

reflectors, deposit on tunnel 

lamps. 

Wallpaper, window shade 

Effluent purification system 

Air purifier, air conditioners, 

purification system for used 

water and sewage, purification 

for swimming pools. 

Hospitals 

Tile, operating room walls, 

tools, uniforms. 

 Sterilization. 

 (TiO2 – Cu). 

 Self-cleaning. 

 

The correct definition of photocatalysis includes the process of photosensitization by 

which photochemical damage is performed on a chemical species resulting from the initial 

absorption of radiation by other chemical species called photosensitizers. Heterogeneous 

photocatalysis that has been the subject of numerous research studies involves photo-reactions 

at the surface of the catalyst. As with any process involving heterogeneous phase reactions. 

Hence, the photocatalytic process can be divided into five steps : transfer of reactive 

molecules dispersed in the fluid to the surface of the catalyst, adsorption of reactive molecules 

on the surface of the catalyst, reaction on the surface of the adsorbed phase, desorption of 

products and  removal of products from the fluid / catalyst interface [51]. 

Photocatalytic reactions with TiO2 are limited to wavelengths below 400 nm, in the UV 

ultraviolet. Figure (I.6), it is also materials that can work in the visible are more desirable in 

terms of using natural light. Indeed, only 5% of sunlight is used in the case of anatase. For this 

reason, the doping of TiO2 anatase has been studied to move its gap in the visible. This has 

shown that doping with different transition metals such as V, Cr, Mn, Fe and Ni, allows a 
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visible shift of the absorption band of TiO2. This shift depends on the amount of dopant 

introduced. The efficiency in the shift is as follows: V, Cr, Mn, Fe, Ni. This allows sunlight to 

be used more efficiently and up to 20% to 30% better [52]. 

 

 

 

 

 

 

  

 

 

Figure I.6. Scheme of the photocatalytic action of TiO2 under UV (1) and visible (2) irradiation [53]. 

The photocatalytic method is based on the excitation of TiO2 by light radiation with a 

wavelength of less than 387 nm, which equates to an energy larger than or equal to the 

forbidden band width (3.2 eV): 

                                                 TiO2 + hν → h+ + e-                                                                    (I.4) 

An electron from the valence band is promoted to the conduction band with the formation of a 

positive hole (h+). The holes react with water and organic pollutants adsorbed on the surface 

of TiO2, according to reactions (I.5) and (I.6): 

                              H2O + h+ (valence band) → OH + H+                                                  (I.5) 

                            h+ (valence band) + pollutant→ pollutant+                                            (I.6) 

The hydroxyl radicals formed in the reaction (I.5) also participate in the degradation of 

pollutants: 

                                                  OH + pollutant → CO2 + H2O                                         (I.7) 
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We must also consider the electron-hole recombination reaction in the volume of the particle 

or on the surface:  

                                                                  h + + e- → heat                                                     (I.8) 

The rate of creation of electron-hole pairs under the influence of reaction photons (equation 

I.4) is determined by the incident light intensity as well as the photocatalyst's optical and 

physical properties. The speed of diffusion of the pairs and their rate of recombination depend 

on several factors, mainly structural: the allotropic composition [54], the crystallinity [55], the 

size of the crystallites [56], and the ionic doping rate [57]. These factors influence the 

photocatalytic activity as well. On the other hand, photocatalytic activity depends on the 

chemical nature of the pollutant and the chemical complexity of its molecule [52]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.7. Principle of photocatalysis of titanium dioxide (TiO2). 

I.7.2. Dye sensitized solar cells 

I.7.2.1. What is dye sensitized solar cells ? 

Dye-sensitized solar cells (DSCs) have exhibited solar energy conversion efficiency of 

over 10% and remain one of the most promising candidates, as they possess advantages of 

being flexible, inexpensive, and easier to manufacture than brittle silicon solar cells [58,59]. A 

very important feature of DSCs is the photoelectrode, which includes mesoporous wide band 
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gap oxide semiconductor films with an enormous internal surface area, typically a thousand 

times larger than those of bulk films [60,61].To date, the highest solar-to-electric conversion 

efficiency has been achieved with films that consist of 20 nm TiO2 nanocrystallites sensitized 

by ruthenium-based dyes. Hence, solar cells play a vital role in converting solar energy into 

electrical energy, which is known as the PV effect. Solar cells exposed to sunlight will see 

changes in electrical characteristics such as voltage, resistance, and current. 

 

 

 

 

 

 

 

 

 

 

Figure I.8. Schematic illustration of a generic dye-sensitized solar cell [62]. 

I.7.2.2. How do dye sensitized solar cells work? 

The working principle of DSSC involves four basic steps: light absorption, electron 

injection, transportation of carrier, and collection of current. The following steps are involved 

in the conversion of photons into current (as shown in Figure I. 8) [63]: 

1- Firstly, the incident light (photon) is absorbed by a photosensitizer, and thus, due to 

the photon absorption, electrons get promoted from the ground state (S+/S) to the 

excited state (S+/S*) of the dye, where the absorption for most of the dye is in the 

range of 700 nm which corresponds to the photon energy almost about 1.72 eV. 

2- Now, the excited electrons with a lifetime of nanosecond range are injected into the 

conduction band of nanoporous TiO2 electrode which lies below the excited state of 

the dye, where the TiO2 absorbs a small fraction of the solar photons from the UV 

region. As a result, the dye gets oxidized. 
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                                                       S + hν → S*                                                        (I.9) 

                                                     S* → S++e− (TiO2)                                             (I.10) 

3- These injected electrons are transported between TiO2 nanoparticles and diffuse 

towards the back contact (transparent conducting oxide [TCO]), through the external 

circuit, electrons reach at the counter electrode. 

4- The electrons at the counter electrode reduce I− 3 to I−; thus, dye regeneration or the 

regeneration of the ground state of the dye takes place due to the acceptance of 

electrons from I− ion redox mediator, and I− gets oxidized to I− 3 (oxidized state). 

                                                          S+ + e− → S                                                    (I.11) 

5- Again, the oxidized mediator (equation I− 3) diffuses towards the counter electrode 

and reduces to I ion.  

                                                        I3
−  +2e− →3I−                                                              (I.12) 

 

 

 

 

 

 

 

 

 

 

Figure I.9. Construction and working principle of the dye-sensitized nanocrystalline solar cells [63]. 
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I.7.2.3. Advantages and disavantges of dye sensitized Solar Cells 

I.7.2.3.1. The advantages  

 Dye sensitized solar cells are the most efficient third-generation solar technology 

available is greatly used in applications like rooftop solar collectors. The power 

production efficiency is around 11%, as compared to thin-film technology cells which 

are between 5% and 13%, and traditional commercial silicon panels which operate 

between 12% and 15%. 

 In a silicon solar cell, it acts both as a source of electrons as well as an electric field 

provider, whereas in a DSSC, the semiconductor is used mainly for charge transport & 

the photo electrons are supplied by a different source (dye). 

 DSSCs work even in low-light conditions. Hence they are very popular under cloudy 

weather conditions and non-direct sunlight, where traditional cells would be a failure. 

The cutoff in DSSC is so low, they have been proposed for indoor usage, to collect 

energy for small devices from the lights in houses. 

 A traditional solar cell is encased in glass with a metal at back for increasing its 

strength. Such setup may cause a decrease in its efficiency, as the cells heat up 

internally. However DSSCs are built up with only a thin layer of conductive plastic on 

the front side to allow radiation of heat much easily & quickly and therefore operate at 

low internal temperatures. Also the cell’s mechanical structure is such that it indirectly 

leads to higher efficiencies in higher temperatures [64,65]. 

I.7.2.3.2. The disavantages  

 DSSCs are not considered as an option, for large-scale deployments where higher-cost 

higher-efficiency cells are more viable. DSCC is not manufactured in commercial 

scale yet.The sharp cut in silicon solar panels costs have led other types of solar 

technology like Solar Thermal and Thin Film Technology taking a back seat. 

 Another major drawback is the electrolyte solution, which contains volatile organic 

solvents and must be carefully sealed. Replacing the liquid electrolyte with a solid has 

been a major ongoing field of research [66,67]. 

 

 

http://www.greenworldinvestor.com/2010/10/13/solar-panels-in-india-complete-guide-on-buying-low-cost-pv-panels-from-solar-energy-system-manufacturers/
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II.1. Introduction 

A thin film is a layer of material ranging from fractions of a nanometer (monolayer) to 

several micrometers in thickness. The controlled synthesis of materials as thin films is a 

fundamental step in many applications. A familiar example is the household mirror, which 

typically has a thin metal coating on the back of a sheet of glass to form a reflective interface. 

The process of silvering was once commonly used to produce mirrors, while more recently 

the metal layer is deposited using techniques such as sputtering. Advances in thin film 

deposition techniques during the 20th century have enabled a wide range of technological 

breakthroughs in areas such as magnetic recording media, electronic semiconductor devices, 

integrated passive devices, LEDs, optical coatings (such as anti-reflective coatings), hard 

coatings on cutting tools, and for both energy generation (e.g. thin-film solar cells) and 

storage (thin-film batteries). It is also being applied to pharmaceuticals, via thin-film drug 

delivery. A stack of thin films is called a multilayer [1]. 

Thin film deposition is the process of creating and depositing thin film coatings onto a 

substrate material. These coatings can be made of many different materials, from metals to 

oxides to compounds. Thin film coatings also have many different characteristics which are 

leveraged to alter or improve some element of the substrate performance. For example, some 

are transparent; some are very durable and scratch-resistant; and some increase or decrease 

the conductivity of electricity or transmission of signals. Hence, deposition techniques fall 

into two broad categories, depending on whether the process is primarily chemical or physical 

[1]. 

Conventional technique can be achieved to the fabrications of titanium dioxide films 

include, ultrasonic spray pyrolysis, radio frequency (RF) magnetron sputtering, chemical 

vapor deposition (CVD), pulsed laser deposition (PLD) and sol-gel process [2]. Among of 

these methods, sol-gel method offers several advantages including simplicity of equipment 

and ease of implementation of the material, low energy cost, high purity and better 

homogeneity of the material, and realization of multi-component deposits in a single 

operation. 

In this chapter, we will make a detailed investigation on the different depositing 

titanium oxide (TiO2) thin films. In particular, the technique of sol-gel (spin coating) and 

different relationships, which are used to describe films. 
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II.2. What is a thin film ? 

Thin films is a  thin layers of material and thickness typically less than 1 μm. Thin 

film devices are typically 5 to 50 µm thick. Thin layer refers to growth that occurs atom by 

atom or molecule by molecule, while thick layer refers to growth is grain by grain [3]. 

Coalescence, nucleation, and the growth process all contribute to the production of thin films. 

Since, the absorbent species are not in thermodynamic equilibrium with the substrate, they 

migrate across its surface until their temperature matches that of the substrate. As a result of 

these displacements, when they arrive at favorable places (impurities, crystal defects, etc.)  

which are called nucleation sites, they create germs which will be growth for the formation of 

the layer [3]. These thin layers modify the properties of the substrate on which they are 

deposited. Because of their insulating or conductive qualities, they are mostly utilized in the 

fabrication of electronic components such as solar cells. 

 For objects protection and improved mechanical properties, resistance to wear, 

corrosion or by serving as a thermal barrier. This is, for example, chrome plating; 

 To modify the optical properties of objects. In particular, let us cite decorative 

coatings (example of gilding) or modifying the reflective power of surfaces (anti-

reflective glasses or mirrors) [4]. 

Since thin films are nano-objects in one direction of space, the physical and chemical 

properties of thin films can differ from those of macroscopic objects in all their dimensions. 

For example, an insulating material when it is of macroscopic dimensions can become an 

electrical conductor in the form of a thin layer due to the tunnel effect .So , generally thin 

films are typically utilized when an object's surface qualities need to be improved or modified 

by adding or changing functionality in some way. [5]. 

II.3. Thin film preparation methods 

The deposition of thin films on different substrates is an essential step in the majority of 

fields of modern technological manufacture of materials which can be semiconductors, 

metals, insulators, oxides [6]. The thin film production methods are distinguished by two 

routes: 

• Physical methods that combine evaporation, spraying and laser ablation of all of these 

forms. 

• Chemical methods include sol-gel, spray, MOCVD, etc. 
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There are several techniques for producing thin solid films but practically, there are two 

main methods of depositing thin films are: deposition by physical process and by chemical 

process. The classification of techniques is presented in Figure II.1. 

 

 

 

 

 

 

 

 

 

 

 

Figure II.1. Presentation of the main thin film deposition techniques [7]. 

II.3.1. Physical methods 

II.3.1.1. Physical vapor deposition (PVD) 

The development of vacuum technology has progressed considerably during the last 

three decades and this has enabled the development of vacuum deposition techniques such as 

basic PVD techniques the basis of evaporation and spraying under all these shapes. Hence, the 

physical vapor deposition is easy to control also the layers obtained by PVD are dense. The 

PVD technique is based on the vaporization or sublimation of the material to be deposited. 

This is put in a crucible under vacuum, then it is heated to high temperature using a filament 

or with an intense and energetic beam of electrons or using a laser. Once evaporated, the 

material in the form of molecules, atoms or clusters is deposited by condensation on the 

substrate, thus forming the desired thin layer [8]. 

General methods 

to file a thin layer 

Chemical methods 

(CVD) 

Epitaxy by jets 

molecular 

Physical methods 

(PVD) 

In a high vacuum environment:   

 Vacuum evaporation 

  Laser ablation 

In plasma environment:   

 Sputterring 

In a reactive gas environment:  

 CVD 

  LPCVD 

  Plasma CVD (PECVD) 

In liquid medium:   

 Spray 

 Sol gel 

 Electro-deposition 
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These techniques have been widely used for obtaining refractory linings resistant to 

erosion and wear, such as alumina Al2O3 and stainless steel [9]. 

Physical vapor deposition (PVD) has a number advantages over chemical vapor deposition, 

for example the films are dense, the process is simple to control and there is no pollution [10]. 

The most widely used PVD processes are: 

1- Thermal (or Vacuum) Evaporation  

2- Sputtering 

3- Laser ablation 

II.3.1.1.1. Thermal (or Vacuum) Evaporation deposition 

Thermal (or vacuum) evaporation is an old deposition process used for the formation 

and growth of the thin film on the surface of solid materials. Where the vapors of the material 

to be deposited are obtained by various methods of heating it: Joule effect, induction (a high-

frequency generator's coupling), electron gun, laser beam or electric arc. Evaporation is 

carried out under high vacuum (pressures ranging from 10-3 to 10-4 Pa) in order to increase its 

speed [11], hence in order to achieve homogeneous deposits and uniform thickness, it is 

important to allow rotational or translational movement of the substrate to the evaporation 

source [12]. He process is still beneficial in a contemporary environment and widely 

applicable in the laboratory and industries for thin film deposition. The basic sequential steps 

for thermal or vacuum evaporation are shown below: 

● Steam is created by subjecting the target material to a very high temperature by 

sublimation or boiling, 

● The vapor ejected from the target material is transported to the substrate through a 

vacuum, 

● Condensation of vapor takes place to form a solid thin film on the surface of the 

substrate, and additional repeatability of deposition cycles results in thin film growth and 

nucleation 

During the thermal evaporation process, the target material vaporized from the thermal 

process sources gets to the substrate material with minimal interference. The process is often 

carried out at a high vacuum pressure (HV), and the trajectory of the movement of the target 

material to the substrate is a straight path trajectory termed line of sight [13]. Vapour flux is 

created by heating the surface of source material to a sufficiently elevated temperature in a 

vacuum. The flux can then condense to the surface of the substrate material to form a thin 

film. The vacuum environment creates a safe zone to reduce gaseous contaminants in the 
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deposition process to an acceptable and minimal level and allows the evaporated atoms to 

undergo essentially collisionless transport from the source onto the substrate.The thermal 

vaporization rate might be very high compared to other PVD processes [13,14]. Tungsten 

wire coils are commonly used as the source of the thermal heat or by using high energy 

electron beam for heating the target material to an elevated temperature. 

One of the most salient advantages of thermal vacuum evaporation is that it enables 

fabrication of multilayer devices in which the thickness of each layer can be controlled easily, 

in contrast to spin-coating , This combinatorial fabrication greatly enhances the efficiency of 

systematic device fabrication aimed at optimizing the varied parameters.Consequently, the 

thermal vacuum deposition technique is  undergoing major developments. Where, Kido and 

coworkers [15] have developed a linear deposition procedure with a constantly moving 

substrate. In this design, the sources evaporate uniformly through long narrow parallel slits as 

the substrate moves at a constant speed, resulting in uniform multilayer devices 

 

 

 

 

 

 

 

 

Figure II.2. Scheme of thermal evaporation deposition [16]. 

II.3.1.1.2. Sputtering deposition 

Sputtering is the thin film deposition manufacturing process at the core of today’s 

semiconductors, disk drives, CDs, and optical devices industries. On an atomic level, 

sputtering is a Physical vapor Deposition method, utilizing argon ions for bombarding a 

cathodically connected target, made of the coating material, atoms of the target are knocked 

out by the high energy ions and deposit on the substrate surface such as a silicon wafer, solar 

panel or optical device [17]. Basically the steps of sputtering process are the following (see 

Figure II.3) : 
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1- The neutral gas is ionized by an external power supply, producing a glow 

discharge or plasma  

2- A source (the cathode, also called the target) is bombarded in high vacuum by gas 

ions due to the potential drop acceleration in the cathode sheath  

3- Ions from the target are ejected by momentum transfer and diffuse through the 

vacuum chamber  

4- Ions are deposited on the substrate to be coated and form a thin film 

The sputtering process begins when a substrate to be coated is placed in a vacuum chamber 

containing an inert gas - usually Argon - and a negative charge is applied to a target source 

material that will be deposited onto the substrate causing the plasma to glow .In addition that , 

free electrons flow from the negatively charged target source material in the plasma 

environment, colliding with the outer electronic shell of the Argon gas atoms driving these 

electrons off due to their like charge. The inert gas atoms become positively charged ions 

attracted to the negatively charged target material at a very high velocity that “Sputters off” 

atomic size particles from the target source material due to the momentum of the collisions. 

These particles cross the vacuum deposition chamber of the sputter coater and are deposited 

as a thin film of material on the surface of the substrate to be coated [18].  Several different 

methods of physical vapor deposition are widely used in sputter coaters, including ion beam 

and ion-assisted sputtering, reactive sputtering in an Oxygen gas environment, gas flow and 

magnetron sputtering. 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

Figure II.3. Schematic of sputtering process [19]. 
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II.3.1.1.3. Laser ablation deposition 

Laser ablation (PLD: Pulsed Laser Deposition) is a complex process. The laser 

penetrates to the sample surface, depending on the wavelength of the laser and the refractive 

index of the target material. Morever,  it is a deposition technique that involves depositing 

layers by ablating a target of the desired material using a pulsed laser [20]. This process took 

off at the end of the 1980s with the first realization of thin layers of the new superconducting 

material YBa2Cu3O4-δ with good crystalline quality, perfect control of stoichiometry and a 

high critical temperature which had not been reached, laser ablation could achieve a 

resolution around 25 nm [21]. 

The principle of laser ablation consist of placing the target and the substrate on which 

the thin film will be deposited are placed facing each other in a vacuum chamber. Above the 

ablation threshold, atoms, electrons, agglomerates and clusters are ejected from the surface 

and a plasma appears which has a very strong particle density and high excitation 

temperature. The laser fluence (energy per unit area) required to produce the plasma depends 

on the target material, its morphology and the laser wavelength. The power can reach a few 

tens, the plasma, generally referred to as the plume, is then condensed on a substrate heated to 

a high temperature (500 <T <720 ° C) to ensure crystallization of the material [22]. The laser 

ablation deposition process therefore involves the following steps (see Figure II.4): 

1- Interaction of the radiation with the target. 

2- Dynamics of materials having undergone ablation. 

3- Deposit of materials torn from the target on the substrate. 

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

 

 

 

  

 

 

 

 

 

Figure II.4. Schematic diagram of laser ablation method [23]. 
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II.3.2. Chemical methods 

II.3.2.1. Chemical vapor deposition (CVD) 

The CVD technique is a versatile and quick method to produce high performance, high 

purity solid materials. This process is often used in the semiconductor industry to produce 

thin films. In a typical CVD process, the substrate is exposed to one or more gas phase 

precursors, which react and / or decompose on the surface of the substrate to generate the 

desired deposit. Where, the composition and morphology of layers varies depending on the 

chosen precursors and substrate, temperature, chamber pressure, carrier gas flow rate, quantity 

and ratio of source materials, and source-substrate distance for the CVD process. Atomic 

layer deposition (ALD), a subclass of CVD, can provide further control of thin film 

deposition through sequential, self-limiting reactions of precursors on a substrate [24]. 

Microfabrication processes widely use CVD to deposit materials in various forms: 

monocrystalline, polycrystalline, amorphous, epitaxial. These materials include silicon, silica, 

silicon germanium, silicon carbides, carbon diamond, fibers, nanofibers, filaments, carbon 

nanotubes, tungsten, materials with high electrical permittivity, etc. 

Generally, A thermally activated chemical vapor deposition (CVD) process involves seven 

steps, Explained as follows: 

1- Transfer of material in the gas phase, from the inlet of the reactor to the surface of 

the deposit, supply by convection (forced, natural) of the gaseous species to the 

vicinity of the substrate. 

2- Gas phase reactions during transfer. 

3- Adsorption (dissociative or not) of the precursor gas on the surface of the solid. 

4- Diffusion of molecules adsorbed on the surface to the growth sites. 

5- Possible chemical reactions at the surface: incorporation of the atoms of the 

deposit (nucleation -growth). 

6- Desorption of reaction products. 

7- Transfer of material from the reaction products from the deposition zone to the 

outlet of the reactor; possible diffusion of atoms from the deposit to the substrate 

(and vice versa) [25]. 

The variants of the process are: 

 LPCVD (Low Pressure Chemical Vapor Deposition), it is the case of hot wall reactor 

that it is heated directly. 
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 PECVD (Plasma Enhanced Chemical Vapor Deposition) or PACVD (Plasma 

Assisted Chemical Vapor Deposition). 

 MOCVD: Metal-Organic Chimical Vapor Deposition. 

The vapor deposition (CVD) scheme represented in Figure II.5: 

 

 

 

 

 

 

 

 

 

 

Figure II.5. Shematic diagram of a chemical vapor deposition (CVD) système [26]. 

II.3.3. Spray pyrolysis technique 

Spray pyrolysis is a low-cost and simple technique for the fabrication of high-quality 

transparent and conducting oxide thin films for different optoelectronic applications. The first 

introduction of the spray pyrolysis technique by Chamberlin and Skarman [27] in 1966 was 

for the growth of CdS thin films for solar cell applications.Since then, the process has been 

investigated with various materials, such as Indium Tim Oxide (ITO) [28], ZnO [29], ZrO2 

[30] and others [31]. 

The principle of spray pyrolysis is which a solution of two or more reactive compounds 

is vaporized and then sprayed with an atomizer on a heated substrate. The temperature of the 

substrate permits the chemical reaction between the reactive chemicals and the substrate to be 

thermally activated. The experiment can be performed either in air or in a controlled 

atmosphere [32].  

The general simplified scheme for spray pyrolysis deposition is shown in Figure II.6, 

where is displayed the three processing steps for spray pyrolysis deposition are : 
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1- Atomization of the precursor solution. 

2- Aerosol transport of the droplet. 

3- Droplet evaporation, spreading on the substrate, and drying and decomposition of 

the precursor salt to initiate film growth. 

 

 

 

 

 

 

 

 

 

 

Figure II.6. General schematic of a spray pyrolysis deposition process [33]. 

II.3.4. Sol-Gel method 

II.3.4.1. Historical 

The first “sol-gel” synthesis of a silicon glass was described by a French chemist JJ 

EBELMEN in 1945. According to his observations, “under the action of a humid atmosphere, 

a silicic ether gradually transforms into a mass. transparent solid which is none other than 

silica comparable to the most limpid rock crystal ”the“ solgel ”process was born, Mendeleyev 

[34] proposed the intervention of multiple condensation phenomena to form polysiloxanes of 

strong masses, but the real beginning of sol-gel materials did not take place until the 1930s. 

Coinciding with the recognition of the covalent model of polymers, making it possible to 

establish the fundamental bases in the understanding of the mechanisms of hydrolysis and 

condensation. But it was not until nearly a century that this idea was taken up by the glass 

industry. The first “solgel” patent was filed in 1939 in Germany by Schott Glaswerke for the 

production of mirrors. These mirrors, marketed in 1959, were followed by many other 

products, in particular anti-reflective coatings which improve the optical properties of 

building glazing. 
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II.3.4.2. What is the Sol-Gel method ? 

Sol gel is a method for producing solid materials from small molecules. The method is 

used for the fabrication of metal oxides, especially the oxides of silicon (Si) and titanium 

(Ti).In addition, sol gel technique is a process for the development of materials allowing the 

synthesis of glasses, ceramics and organo-mineral hybrid compounds, from precursors in 

solution. It makes it possible to produce thin layers made up of stacks of metal oxide 

nanoparticles. 

The sol-gel method allows the production of a wide variety of oxides in different 

configurations (monoliths, thin films, fibers, powders). This great diversity, both in materials 

and in shaping, has made this process very attractive in technological fields such as optics 

[35] electronics [36], biomaterials [37]. It also has the advantage of using a soft chemistry and 

being able to lead to very pure and stoichiometric materials [38]. The basic principle of the 

sol-gel process (corresponding to the abbreviation of "solution-gelation" is as follows: a 

solution based on precursors in the liquid phase is transformed into a solid by a set of 

chemical reactions of the polymerization type at ambient temperature (See Figure II.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.7. Schematic diagram of sol-gel process [39]. 
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The principle of the Sol-Gel route is to obtain inorganic materials in the form of films of 

high optical quality from an organic solution. Obtaining a Sol-Gel film is carried out in three 

stages as shown in the (Figure II.8) [34]: 

1- The first is the development of a metal alkoxide solution. 

2- The second is the deposition of the solution, in the form of a thin layer, on a 

substrate 

3- The last step is the heat treatment of the gelled layer in order to remove organic 

compounds and densify the film 

 

 

 

 

 

 

 

 

 

Figure II.8. Different stages and routes of sol-gel synthesis [40]. 

II.3.4.3. The precursors 

The precursors constituting “the soil” can be of two types. They are either colloidal 

particles dispersed in a liquid, or organometallic precursors in solution in a solvent. What ever 

its nature, the precursor is dissolved before being hydrolyzed. It is the polymerization of these 

precursors that results in a solid three-dimensional network that is interconnected and stable 

through the formation of M-O-M bonds. The system is then in the frozen state [41]. 

II.3.4.3.1. Inorganic or colloidal precursors 

The aqueous solution of an inorganic salt is used. In this solution, the M z + cations are 

picked up by polar H2O molecules. An (M – OH) (z-1) + bond is formed when an electron from  
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a saturated σ orbital is transferred to a lower energy orbital and unsaturated. This in fact 

resultsin the two partial reactions that follow:  

 Mz+ + (OH)-  ↔ (M–OH) (z-1)+                                                                                             (II.1) 

(M–OH) (z-1)+ ↔ (M=O) (z-2) + + H+                                                                                      (II.2) 

According to the aforementioned reactions that in an acidic medium, by increasing the 

pH of the solution, one of the following two types of ligands can be formed:  

 Hydroxo ligand : (M– (OH)) (z-1) +. 

 An Oxo ligand : (M = O) (z-2) +. 

Condensation reactions involving hydroxo (M– (OH))(z-1) + ligands lead to the formation 

of (M – OH – M) or (M – O – M) bonds. Note, however, that colloidal solutions and stable 

gels can be obtained by keeping the pH constant. This route is mainly used in industrial 

powder manufacturing processes [41]. 

II.3.4.3.2. Organic or polymeric precursor 

The most widely used organic precursors are metal alkoxides of generic formula 

M(OR)z where M denotes a metal of valence Z and R a radical of an alkyl chainــــ (Cn H2n + 1). 

Metal alkoxides must be of high purity and exhibit high solubility in a wide variety of 

solvents. This condition of high solubility can generally only be achieved in organic solvents. 

The main advantage of using organic precursors is that they allow a homogeneous and 

intimate molecular mixture of different precursors in order to produce glasses and ceramics 

with several components [41]. 

II.3.4.4. Reaction mechanisms 

Metal alkoxides are first diluted in an organic solvent (usually alcohol). Their sol-gel 

transformation (solidification) occurs through an inorganic polymerization mechanism 

[42,43]. 

The chemical mechanism of transformation breaks down into two reactions: 

 hydrolysis  

 condensation of alkoxides. 

II.3.4.4.1. Hydrolysis 

In order for the alkoxides to condense at room temperature, hydrolysis of the –OR 

groups must initiate the reaction process. This step is necessary to give rise to hydroxyl 

groups –OH: 
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M (OR) n + H2O → HO − M (OR) n-1 + ROH                                                                      (II.3) 

Figure (II.9) shows the hydrolysis steps for a metal alkoxide; a nucleophilic substitution 

(step 1) on the metal atom with proton transfer (step 2) and departure of the leaving group 

(step 3). Hydrolysis is a nucleophilic substitution of a ligand ــــ OH for a ligand ــــ OR. It is 

accompanied by the intake of water as well as the ejection of alcohol.  During this step, the 

functionality of the precursor is created with respect to what is called polycondensation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.9. Mechanism of hydrolysis of metal alkoxides M (OR)n [44]. 

II.3.4.4.2. The condensation  

The condensation reaction, otherwise known as polymerization, is a complex 

mechanism because four mechanisms (alkoxolation, oxolation, alcoholation, and isolation) 

can compete for polymerization and formation of a MOM bridge. The relative importance of 

each of the mechanisms depends on the experimental conditions. 

a. Alkoxolation 

The reaction occurs between two metal alkoxides, One of them is only partially 

hydrolyzed. Its method of action is similar to that of hydrolysis. (Figure II.10). 

(RO)n-x M(OH)x + M(OR)n             (RO)n-x(OH)x-1M-O-M(OR)n-1 + ROH                       (II.4) 
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Figure II.10. Mechanism of alkoxolation of metal alkoxide M(OR)n [44]. 

b. Oxolation 

Between two partly hydrolyzed alkoxides, this mechanism occurs: 

(RO)n-x M(OH)x+(RO)n-y M(OH)y         (RO)n-x(OH)x-1 M-O-M (OH)y-1(OR)n-y + H2O       (II.5) 

 

 

 

 

 

 

 

 

 

Figure II.11. Mechanism of oxolation of metal alkoxide M(OR)n [44]. 

c. Alcohol 

This reaction does not depend on hydrolysis. Some terminal OR ligands (linked to a 

single metal center) can act as a bridge between metal centers as shown by the following 

reaction:  
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2M (OR)n          (RO)n M-OR-M (OR) n-1                                                                                                        (II.6) 

It is alcoholation that induces the molecular complexity of species during polymerization by 

formation of oligomers before the addition of water. Before the hydrolysis step begins, it is 

generally difficult to form molecules of large masses, this reaction being highly sensitive to 

the steric hindrance of the system. 

 

 

 

 

 

 

Figure II.12. Mechanism of alcohol of metal alkoxide M(OR)n [44]. 

d. Isolation 

Unlike alcoholation, isolation requires prior hydrolysis of a metal alkoxide. It follows 

the same mechanism as alcoholation except that the bridge formed is a hydroxyl bridge as 

shown by the following reaction:  

M- (OR) n + (OH) x-M (OR) n-x         (OR) n M- (OH) - M- (OR) n-x + (OH) x-1                      (II.7) 

 

 

 

 

 

 

Figure II.13. Mechanism of isolation of metal alkoxide M(OR)n [44]. 

II.3.4.4. The sol-gel transition 

The pattern generally adopted for gelation is that of growing polymer chains which 

agglomerate by polycondensation thus forming clusters [45]. At, as the hydrolysis and 

condensation reactions progress, polymer clusters are created. When one of these clusters 

reaches an infinite dimension, the viscosity also becomes infinite: this is the Sol-Gel transition 

point [45]. The gel is generated when all of the linkages have been utilised. The solid cluster 
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thus formed is actually an interweaving of macromolecular chains, forming an amorphous 

solid structure. This structure still contains trapped liquid masses [46], their removal will 

therefore require a light heat treatment. The morphologies of the polymer chains indicate: 

 That an acidic medium promotes hydrolysis, and the gel adopts a chain configuration 

(reptal model). 

 That a basic medium accelerates the condensation, and the gel adopts a configuration 

in balls (spherical model). 

The catalyst therefore acts directly on the microstructure of the material produced. This 

factor will also play an important role in the porosity of the oxide, which will partially 

condition the physical properties and therefore the usability of the material in the form of a 

thin film.  

On a macroscopic level, the transition can be followed by the mechanical behavior of 

the solution. The solution's viscosity then rises as a result of this [47]. The evolution of the 

viscosity of a sol, and that of its elastic constant are presented schematically in (Figure II.14). 

Where we notice that with the complete formation of the gel, the viscosity becomes infinite, 

whereas the elastic constant approaches a finite value G Max. Like any chemical reaction, the 

Sol-Gel transition is sensitive to its environment such as: temperature and humidity, which 

can thus modify the kinetics of the reactions challenges. 

 

 

 

 

 

 

 

 

 

 

 
Figure II.14. Evolution of the sol viscosity and the elastic constant of the gel, tg being the 

time corresponding to the Sol-Gel transition [45]. 
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II.3.4.5. The different methods of thin film deposition by sol-gel 

The sol-gel deposition can be carried out in two different ways. 

II.3.4.5.1. Spin coating method  

Spin coating is a procedure used to deposit uniform thin films onto flat substrates. This 

method consists in depositing by centrifugation a solution deposited in excess on a substrate. 

This technique has the advantage of being simple to implemented, for moderate investments. 

It gives excellent results on flat substrates with dimensions of the order of cm2 [48]. This 

deposition method can be broken down into four phases shown schematically in (Figure 

II.15). 

1- Deposition: during this step, the deposition of the solution on the substrate. 

2- Spin-up: is the start of rotation, this step causes the liquid to flow out of the 

substrate. 

3- Spin-off : the constant speed rotation allows the ejection of the excess liquid in 

the form of droplets and the reduction of the film thickness evenly. 

4- Evaporation: during this step, the evaporation of the most volatile solvents 

accentuates the reduction in the thickness of the deposited film [41].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.15. Stages of spin-coating method : (I) Deposition, (II) Spin-up,  

(III) Spin-off and (IV) Evaporation [49]. 
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a. Advantages to the technique of spin coating 

 There is less loss of materials than with vapor-phase deposition. 

 It is a relatively inexpensive technique. 

 Aa spinning plate is far cheaper than a vacuum deposition system. 

 The spin-coating means we can quickly and easily deposit thin layers. 

b. Disadvantages to the technique of spin coating: 

 possibility of the presence of contaminants (traces of solvent, oxygen, humidity, 

etc.). 

 difficulty of accurately controlling the deposition (homogeneity, rugosity, etc.). 

II.3.4.5.2. Dip-coating method 

This method involves immersing the substrate in the solution and removing it at a 

constant speed to obtain a film of uniform thickness. In addition, dip coating technique is 

being easy to implement and it has the particularity of allowing layered deposits under a 

magnetic field, which makes it possible to orient the magnetic nanoparticles within the matrix 

thus formed. 

The dip-coating process can be separated into five stages [50], (see Figure II.16). 

1- Immersion: The substrate is immersed in the solution of the coating material at a 

constant speed (preferably jitter-free). 

2- Start-up: The substrate has remained inside the solution for a while and is starting 

to be pulled up. 

3- Deposition: The thin layer deposits itself on the substrate while it is pulled up. 

The withdrawing is carried out at a constant speed to avoid any jitters. The speed 

determines the thickness of the coating (faster withdrawal gives thicker coating 

material). 

4- Drainage: Excess liquid will drain from the surface. 

5- Evaporation: The solvent evaporates from the liquid, forming the thin layer. For 

volatile solvents, such as alcohols, evaporation starts already during the deposition 

and drainage steps. 
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Figure II.16. The different stages of the dip-coating technique [51]. 

II.3.4.6. What are advantages and disadvantages of the Sol-Gel method ? 

a. The advantage  

 Versatile: better control of the structure, including porosity and particle size, 

possibility of incorporating nanoparticles and organic materials into sol-gel-

derived oxides. 

 Better homogeneity: due to mixing at the molecular level, high purity. 

 Simplicity of equipment  and ease of use of the material where no need for special 

or expensive equipment. 

 Films are easily anchored on the substrate bearing the complicated shapes and 

large surfce area  

 Suitable for deposition on other substrates like stainless steel plate, aluminium 

plates, silica glass rashing rings, glass wool. 

 Ability to generate thin layers of inorganic oxides on heat-sensitive surfaces at 

low temperatures. 

 Less energy consumption: since the network structure may be formed at relatively 

low temperatures near Tg, there is no need to attain the melting temperature. 

 Ability to optimize the  morphology of films based on applications that have been 

explored. 

 Easy to perform in the laboratory [52]. 
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b. The disadvantage 

 High cost of alkoxide precursors.  

 Delicate control of the process and long process times.  

 Handling a large amount of solvents [53]. 

II.3.4.7. Applications of sol-gel method 

The materials resulting from sol-gel technology are found in four main industrial activities, 

namely:   

 Chemical applications: which include the synthesis of powders, catalysts, 

membranes, gas barrier, and repellent film. 

 Optical and photonic applications: which include fluorescence solar collector, 

solar cell, laser element, light guide, optical switching, light amplification, 

antiereflecting coatings, and non-linear optical effect (second generation). 

 Biochemical applications: which include the formulation of drugs, the 

development of new treatments, cosmetic formulations, artificial bone tissues, 

dentistry ... These applications, although few in number on the market, are 

promised significant development. However, they will require the most severe 

production constraints (GMP in the pharmaceutical sector).   

 Structural applications: for the manufacture of glass, ceramics, insulation, 

refractory or composite materials, fibers, abrasives and coatings. Among these 

materials, it is also necessary to include electronic applications for the synthesis of 

dielectric, ferromagnetic and electro-chromic materials. 

 Thermal application : which include the refractory ceramics, fibers wood, 

aerogels, and low expansion ceramics. 

 Mechanical application : which include the protection with hard coat, and strong 

ceramics abrasive. 

 Electronique application (ferrolectricity electronic and ionic conduction) : 

which include the capacitor, piezoelectric transfer, non-volatile memory, 

transparent semiconductors, and solide electrolute (battery,fuel cell). 

 Biomedical application : which include the entrapment of enzyme, cell, coated 

implant, and medical test [54]. 
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II.3.5. What is the difference between PVD and CVD? 

Table (II.1) presents a comparison between some characteristics specific to the two 

methods PVD and CVD. 

Table II.1. The difference between PVD and CVD method [55]. 

Process PVD CVD 

Definition 
PVD is physical vapour 

deposition 

CVD is chemical vapour 

deposition 

Coating Material Solide form Caseous form 

Method 

Atoms are moving and 

depositing on the substrate 

The gaseous molecules 

will react with the 

substrate 

Deposition temperature 

Deposits at a relatively low 

temperature (around 250 °C-

450 °C) 

Deposits at relatively high 

temperatures in the range 

of 450 °C to 1050 °C 

Applications 

 Suitable for coating tools 

that are used in 

applications that demand 

a tough cutting edge 

 TiN, TiAlN, TiCN and 

CrN coating for cutting 

tools; 

 AlSn coating on engine 

bearings, diamond like 

coating for valve trains; 

 Coating for forming tools; 

 Anti-stick wear resistant 

coating for injection 

molds; 

 Decorative coatings of 

sanitary and door 

hardware. 

 Maily used for 

depositing compound 

protective coating 

 Integrated circuits; 

 Optoelectrical devices; 

 Micromachines; 

 Fine powders; 

 Protective coatings; 

 Solar cells; Refractory 

coating for jet engine 

turbine blades 

https://www.substech.com/dokuwiki/doku.php?id=sputter_bearing_overlays
https://www.substech.com/dokuwiki/doku.php?id=sputter_bearing_overlays
https://www.substech.com/dokuwiki/doku.php?id=metal_injection_molding
https://www.substech.com/dokuwiki/doku.php?id=metal_injection_molding
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II.4. Characterization techniques 

In order to analyze and study the characterization titanium oxide (TiO2) thin films, 

several characterization techniques are used such as structural, optical, electrical and surface 

morphological characterization techniques. The nature of crystal structure and crystalline 

quality of TiO2 thin films are studied using X-ray diffraction (XRD), Scanning electron 

microscopy (SEM) is used to investigate the surface morphology as well as the optical quality 

of thin film surfaces. In addition that, the optical characteristics have been studied from the 

transmittance and absorbance using a UV-Visible spectrophotometer and fourier transform 

infrared (FTIR). The Four point probe technique is carried out to study the measure electrical 

resistivity and conductivity of the films. We now discuss the different techniques used to 

characterized titanium oxide thin films. 

II.4.1. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is an analytical technique based on the study of crystal 

structure by diffraction of waves: X-rays or electrons. Diffraction depends on the structure 

studied as well as the wavelength of the radiation used. Indeed, at optical wavelengths the 

superposition of waves elastically scattered by the atoms of the crystal studied produces 

classical optical refraction. When this is comparable to the parameters of the crystal lattice, 

we observe several beams scattered in directions different from that of the incident beam [56]. 

 Principle of operation 

In a crystal lattice, the arrangement of atoms is regular and periodic, the distance 

between the atomic planes of a family of planes (hkl) is called the interreticular distance 

(Figure III.5). When a rigorously monochromatic x-ray beam (a single wavelength λ) interacts 

with a solid, there is only diffraction if the atoms of that solid are ordered as a crystal lattice. 

Part of the incident beam is diffracted by atoms at the same wavelength. If the scattered 

radiation is in phase, the intensity of the re-emitted X-radiation will be observable and will 

form a diffracted beam [57]. 
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Figure II.17. The principle of Bragg's law [57]. 

The directions in which the interferences are constructive, called "diffraction peaks", 

can be determined very simply by the following formula, known as Bragg's law [58]: 

                                n λ = 2dhkl sinθ      (II.8) 

Where: n is the order of diffraction (whole number) , λ is the wavelength of the x-rays, dhkl is 

the spacing between consecutive parallel planes and θ is the angle between the incident or 

diffracted X-rays and the reticular plane. 

For the structural characterization of our different thin layers we used the BRUKER-

AXS type D8 diffractometer, operating in Bragg - Brentano geometry, according to the 

following conditions:  

 The X-ray source is produced by a copper anticathode, supplied by a voltage 

generator - current of 40 kV – 40 mA. 

 The X radiation used is copper Kα (λCuα = 1.54056 Å) obtained by a 

monocrystalline germanium monochromator. 

 The sample is placed on a goniometric head. 

 The XRD spectra of the samples are recorded for 2θ between 20 ° and 80 ° with a 

step of 0.02 °. 
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The identification of the phases and crystal structures of the sample can be done by 

simply comparing the recorded spectra with the databases of the ASTM files. 

II.4.1.1. Determination of the crystallite size (D) 

The crystallite size (D) of the film is calculated using Scherrer’s formula [59]: 

                                                     𝑫 =  
𝟎.𝟗𝛌

𝜷.𝐜𝐨𝐬 𝜽
                                                                             (II.9)                   

Where: λ is the wavelength of the x-ray, β is the full width at half maximum intensity in 

radians (FWHM), and θ is the Bragg angle. 

 

 

 

 

 

 

       

      Figure II.18. The definition of FWHM from the X-ray diffraction curve [60]. 

II.4.1.2. Determination of the lattice parameters (a,c)  

The d-spacing and the lattice constants "a "and "c "of anatase TiO2 films was calculated 

from the given relation [61,62]:  

                                                    𝒅𝒉𝒌𝒍 =
𝒏𝝀

𝟐 𝐬𝐢𝐧 𝜽𝒉𝒌𝒍
                                                    (II.10) 

                                                         
𝟏

𝐝𝟐
=  

𝐡𝟐+𝐤𝟐

𝐚𝟐
+

𝐥𝟐

𝐜𝟐
                                              (II.11) 

Where: d is the lattice spacing of the crystal planes (h k l). 
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II.4.1.3. Determination of the strain (𝛆) 

The strain (ε) was determined by using the relation [63] : 

                                                   𝛆 =
𝛃.𝐜𝐨𝐬𝛉

𝛌
                                                           (II.12) 

Where: β is the full width at half maximum (FWHM) of the peak and θ is the Bragg’s angle. 

II.4.1.4. Determination of the dislocation density (𝛅) 

The term "dislocation" refers to a crystallographic defect in materials science. It has an 

inverse relation with crystallite size and is calculated by using the relation [64]: 

                                                      𝛅 =  
𝟏

𝐃𝟐
                                                                           (II.13) 

II.4.1.5. Determination of the stress (𝛔) 

The residual stress in the plane of the film can be calculated quantitatively using 

following expression [65]: 

                                                       𝝈 =
𝛆

𝟐
 . 𝑬                                                                    (II.14) 

Where : 𝜀 is the strain, E represents Young’s modulus of TiO2 which is taken as 282.76 

GPa [66.67]. 

II.4.1.6. Determination of the Specific Surface Area (SSA) 

The surface states will play an important role in the nanoparticles, due to their large 

surface to volume ratio with a decrease in particle size [68]. SSA is a material property. It is a 

derived scientific value that can be used to determine the type and properties of a material. It 

has a particular importance in case of adsorption, heterogeneous catalysis and reactions on 

surfaces. SSA is the Surface Area (SA) per mass. Zhang et al. report, the specific surface area 

and surface to volume ratio increase dramatically as the size of materials decreases. The high 

surface area of TiO2 nanoparticles facilitates the reaction / interaction between TiO2 based 

devices and the interacting media, which mainly occurs on the surface or at the interface and 

strongly depends on the surface area of the material [69]. Mathematically, SSA can be 

calculated using formula [70]: 
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                                                      𝐒𝐒𝐀 =
𝟔.𝟏𝟎𝟑

𝐃.𝛒
                                                        (II.15) 

Where : SSA are the specific surface area, D  is the crystallite size, and ρ is the density of 

TiO2 (4.23 g.cm-3). 

II.4.1.7. Determination of the volume of the unit cell (V) 

The volume of the unit cell is evaluated by the relation [71]: 

                                                              V= 0.866.a2.c                                                        (II.16) 

Where : ‘a’ and ‘c’ is the lattice constant. 

II.4.1.8. Determination of the X-ray density 

X-ray density was assessed by using relation [72]: 

                                                      X-ray density = 8M / Na.a
3                                         (II.17) 

Where : M is the molecular weight, Na is the Avogadro number and ‘a’ is the lattice constant. 

II.4.1.9. Determination of the degree of crystallinity (Xc) 

The degree of crystallinity can be calculated using formula [72]: 

                                                             XC = (0.24/ 𝜷)2                                                       (II.18) 

Where : β is the full with of half maximum of preferred orientation which is (101) in this case. 

II.4.2. Scanning Electron Microscope (SEM) 

II.4.2.1. What is a SEM ?   

SEM stands for scanning electron microscope. The SEM is a microscope that uses 

electrons instead of light to form an image. Since their development in the early 1950's, 

scanning electron microscopes have developed new areas of study in the medical and physical 

science communities. The SEM has allowed researchers to examine a much bigger variety of 

specimens.SEM is widely used to investigate the microstructure and chemistry of a range of 

materials. 

The SEM has a large depth of field, which allows a large amount of the sample to be in 

focus at one time. The SEM also produces images of high resolution, which means that 

closely spaced features can be examined at a high magnification. Preparation of the samples is 

relatively easy since most SEMs ony require the sample to be conductive. The combination of 
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higher magnification, larger depth of focus, greater resolution, and ease of sample observation 

makes the SEM one of the most heavily used instruments in research areas today [73]. 

 

 

   

 

 

 

 

 

 

 

 

Figure II.19. Schematic diagram of the core components of an SEM microscope [74]. 

II.4.2.2. How does a SEM work ? 

The main components of the SEM include a source of electrons, electromagnetic lenses 

to focus electrons, electron detectors, sample chambers,  computers, and displays to view the 

images. Electrons, produced at the top of the column, are accelerated downwards where they 

passed through a combination of lenses and apertures to produce a fine beam of electrons 

which hits the surface of the sample.  The sample is mounted on a stage in the chamber area 

and, unless the microscope is designed to operate at low vacuums, both the column and the 

chamber are evacuated by a combination of pumps. The level of the vacuum will depend on 

the design of the microscope. The electron beam hits the surface of the sample mounted on a 

movable stage under vacuum. The sample surface is scanned by moving the electron-beam 

coils. This beam scanning enables information about a defined area of the sample. The 

interaction of the electron beam with the sample generates a number of signals, which can 

then be detected by appropriate detectors [75]. 
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Figure II.20. Schematic of a Scanning Electron Microscope [75]. 

II.4.2.3. What are advantages and disadvantages of the Scanning Electron Microscope ? 

The advantages of SEM include the detailed three-dimensional (3D) topographical 

imaging and the versatile information obtained from different detectors. The microscope is 

easy to operate and associated software is user-friendly. The SEM is also widely used to 

identify phases based on qualitative chemical analysis and/or crystalline structure. Precise 

measurement of very small features and objects down to 50 nm in size is also accomplished 

using the SEM. Backescattered electron images (BSE) can be used for rapid discrimination of 

phases in multiphase samples. SEMs equipped with diffracted backscattered electron 

detectors (EBSD) can be used to examine microfabric and crystallographic orientation in 

many materials [73]. 

The disadvantages of SEM are its size and cost. SEM is expensive to operate. The 

preparation of samples can result in artifacts. A critical disadvantage is that SEM is limited to 

solid, inorganic samples small enough to fit inside a vacuum chamber that can handle 

moderate vacuum pressure [73]. 

II.4.3. Fourier Transform Infrared Spectroscopy (FTIR) 

II.4.3.1. What is a FTIR ? 

Fourier transform infrared spectroscopy (FTIR) uses the mathematical process (Fourier 

transform) to translate the raw data (interferogram) into the actual spectrum. FTIR analysis is 
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used for the identification of organic, inorganic, and polymeric materials utilizing infrared 

light for scanning the samples. Alterations in the characteristic pattern of absorption bands 

clearly indicate a change in the material composition. FTIR is useful in identifying and 

characterizing unknown materials, detecting contaminants in a material, finding additives, and 

identifying decomposition and oxidation [76]. 

II.4.3.2. How does of Fourier transform infrared spectroscopy works ? 

A typical FTIR spectrometer includes a source, sample cell, detector, amplifier, A/D 

convertor, and a computer. Radiation from the sources reach the detector after it passes 

through the interferometer. The signal is amplified and converted to a digital signal by the 

A/D convertor and amplifier, after which the signal is transferred to the computer where the 

Fourier transform is carried out. (Figure II.21), shows the schematic diagram of FTIR 

spectrometer. 

Infrared radiation of about 10,000–100 cm−1 is sent through the sample with part of the 

radiation absorbed and some passing through. The radiation that is absorbed is converted by 

the sample to vibrational or rotational energy. The resultant signal obtained at the detector is a 

spectrum generally from 4000 to 400 cm−1, which represents the samples’ molecular 

fingerprint. Every molecule has a unique fingerprint, which makes FTIR an invaluable tool 

for chemical identification [77]. 

 

 

 

 

 

 

 

 

Figure II.21. Schematic diagram of FTIR [77]. 
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II.4.4. Ultraviolet - Visible Spectroscopy 

UV-Visible spectroscopy is a method of non-destructive optical analysis that relies on 

the transition from a ground state to an excited state of an electron, an atom or a molecule by 

excitation by an electromagnetic wave. 

The Principle of UV-Visible Spectroscopy is based on the absorption of ultraviolet light 

or visible light by chemical compounds, which results in the production of distinct spectra. 

Spectroscopy is based on the interaction between light and matter. When the matter absorbs 

the light, it undergoes excitation and de-excitation, resulting in the production of a spectrum.  

When matter absorbs ultraviolet radiation, the electrons present in it undergo excitation. 

This causes them to jump from a ground state (an energy state with a relatively small amount 

of energy associated with it) to an excited state (an energy state with a relatively large amount 

of energy associated with it). It is important to note that the difference in the energies of the 

ground state and the excited state of the electron is always equal to the amount of ultraviolet 

radiation or visible radiation absorbed by it [78]. 

 

 

 

 

 

 

 

 

Figure II.22. The principle of operation of UV-visible Spectrophotometer [78]. 

II.4.4.1. Determination of Films’ thickness (d) (Swanepoel method) 

On based the pattern of transmittance in the transparent region, we used the optical 

interference fringes method to evaluate the thickness d of the TiO2 films according to the 

following relationship [79,80]: 
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                                         d = 
𝛌₁𝛌₂

𝟐(𝛌₁𝐧₂−𝛌₂𝐧₁)
                                                     (II.19) 

                                          𝐧𝟏,𝟐 = [(𝐍𝟏,𝟐 + (𝐍𝟏,𝟐
𝟐 − 𝐧𝟎

𝟐𝐧𝐬
𝟐) 

𝟏

𝟐]

𝟏

𝟐
                                    (II.20) 

                                        𝐍𝟏,𝟐 =  
𝟐𝐧𝟎𝐧𝐬(𝐓𝐌−𝐓𝐦)

𝐓𝐌𝐓𝐦
+

(𝒏𝟎
𝟐+𝐧𝐬

𝟐)

𝟐
                                    (II.21) 

Where Tm and TM are the minimum and maximum transmission for the same 

wavelength, M is the number of oscillations between the two extreme; λ1, n1 and λ2, n2 are the 

corresponding wavelengths and indices of refraction, ns is the refractive index of the glass 

substrate and n0 = 1 is the refractive index of the air. 

II.4.4.2. Determination of absorption coefficients (𝜶) 

In the spectral domain where the light is absorbed, and knowing the thickness of the 

layer,The absorption coefficient for each value of the transmittance T in (%) can be calculated 

using the following expression [81]: 

                                        α = 
𝟏

 𝒅 
 ln (

𝟏𝟎𝟎

𝑻
)                                                               (II.22)      

 where 𝑇(%) is the transmittance, and can be directly measured by [81] : 

                                                    T= 
𝑰

𝑰∘
 ×100                                                                 (II.23) 

II.4.4.3. Determination of optical gap (Eg) 

The optical gap is calculated using the Tauc model proposed, in which Eg is related to 

the absorption coefficient α by [82]: 

                                       (αhν)n = A (hν-Eg)                                                   (II.24) 

Where: ℎ𝜈 is the photon energy, 𝐸𝑔 is optical gap n and 𝐴 are constants, n characterizes 

the optical type of transition and takes the values 2, 1/2 (2 for allowed direct transitions or 1/2 

for allowed indirect transitions). 

Thus, if we plot (αhν)2 as a function of the energy of a photon E = hν [ knowing that  

hν (ev) = hc / λ (Å) = 12400 / λ (Å)] and that  I' we extrapolate the linear part of (αhν)2 to the 

x-axis (i.e. for (αhν)2 = 0), we obtain the value of  Eg [83], (Figure II.23). 
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Figure II.23. Determination of optical gap (Eg) [83]. 

II.4.4.4. Determination of urbach energy (Eu) 

The parameter which characterizes the disorder of the material is the tail energy of 

Urbach (Eu). According to Urbach's law, the expression of the absorption coefficient is of the 

form [84]: 

                          𝛂 =  𝛂𝟎. 𝐞𝐱𝐩 (
𝐡𝛎

𝐄𝐮
)    𝐚𝐧𝐝 𝐄𝐮 = (

𝐝[𝛂𝐡𝛎]

𝐝[𝐡𝛎]
)

−𝟏

                                            (II.25) 

where : 𝛼0 is a constant and 𝐸u is Urbach energy.    

 We can determine 𝐸u value as the reciprocal of the linear part slope by plotting 𝑙𝑛 (𝛼) 

versus ℎ𝜈 (Figure II.24):           

 

  

 

 

 

 

 

Figure II.24. Determination of urbach energy (E00) [84]. 

II.4.5. Four point prob method with electrical caracterisation   

The four-point technique can be used either for a thick material or for a thin layer 

deposited on an insulating substrate or isolated by a junction.Apply the four points in a 
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straight line to the film that has been deposited on the insulating substrate (glass). In the 

configuration of the four aligned tips, the two external tips serve to bring the current I while 

the two internal tips allow the measurement of the potential difference U. These electrodes are 

arranged equidistantly and have a distance "d " (Figure II.25). 

When the distance a between the terminals is significantly more than the thin film's 

thickness, i.e. e << d (the thickness is negligible compared to the other dimensions), the 

lateral dimensions can be considered as infinite. In this case, a two-dimensional conduction 

model is used "a cylindrical propagation of field lines in the thin film" and gives [85]. 

                                               
𝑼

𝐈
= 𝑲 

𝝆

𝒆
                                                           (II.26) 

Where : ρ is the resistivity of the layer, e is the thickness, and k is coefficient (𝐊 =
𝐋𝐧 𝟐

𝛑
). 

The 
ρ

e
  ratio characterizing the layer is denoted RS and is expressed in Ω. 

With a coefficient K ready, RS is the ratio between the voltage U and the current I. From 

the previous considerations, using the following relationship, we can calculate the resistivity 

of the four point measurement knowing the thickness: 

                                       𝛒 = (
𝛑.𝐔

𝐋𝐧𝟐.𝐈 
) . 𝐞 = 𝐑𝐬. 𝐞                                                       (II.27) 

So, the conductivity is given by the following expression: 

                                                           𝛔 =
𝟏

𝛒
                                                                       (II.28) 

 

 

 

 

 

 

 

Figure II.25. Schematic representation of a four-point probe in contact with a conductive plate [86]. 

e 
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III.1. Effect of the number of layers 

III.1.1. Introduction  

The aim of this work is to develop titanium oxide (TiO2) thin films, deposited by the 

sol-gel method (spin-caoting) on substrates of glass using titanium (IV) isopropoxide as a 

precursor. Analysis and discussion of the results concern the influence of the number of 

layers, on the structural, optical and electrical properties of the layers produced. 

III.1.2. Experimental details 

III.1.2.1. Apparatus used (Spin coater) 

The deposition of thin layers of TiO2 by the Sol-gel route is carried out using a          

spin coater device designed and produced at the level of the thin film laboratory. The 

substrate is placed and held by vacuum on a turntable at a constant speed in order to spread 

the deposited material (in gel form) uniformly by centrifugal force. The machine used for this 

operation are shown in Figure III.1: 

 

 

  

 

 

 

 

 

Figure III.1. Holmarc spin coater. 

III.1.3. Preparation of the substrate 

III.1.3.1. Choice of substrate 

The substrates are industrial glass slides; with a refractive index of 1.52 and a square area of 

2.5 x 2.5 cm diamond tip. 

 Glass is the most often selected substrate. 
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 It allows films’ a good optical characterization. 

 After deposition, the sample (substrate + layer) will undergo cooling to room 

temperature which causes compressibility of the two materials constituting the sample. 

 Financial cost. 

III.1.3.2. Cleaning of the substrate 

The quality of the sample deposition depends on the cleanliness and surface condition 

of the substrate. The cleaning of the substrates is a very important step which is carried out in 

a clean place, because this step determines the qualities of adhesion and homogeneity of the 

deposited layers. The process used for cleaning glass substrates is described by the following 

steps:  

 The substrates are cut using a pen with diamond point. 

 Cleaning with soap solution. 

 Rinsing with the distilled water and then with acetone during 5 min. 

 Rinsing with distilled water. 

 Rising with methanol during 5 min at ambient temperature. 

 Cleaning in distilled water bath. 

 Drying using a drier. 

III.1.4. Materials and TiO2 thin film preparation  

Titanium oxide (TiO2) thin films were deposited by using sol-gel spin coating process. 

Sol–gel method considered as a facile process for the fabrication high quality thin films of 

metal oxide materials which is easy to synthesize of thin films in bulk with different layers 

with sufficiently demonstrate physical and chemical properties. It was prepared a starting 

solution with a concentration of 0.2 (mol/l) and a pH = 6 was prepared by dissolving 0.605 ml 

of titanium tetra  and distilled iso-prop-oxide (TTIP) as the solutein 10 ml of ethanol which 

was used as a solvent and 0.210 ml of acetyl acetone as a catalyst. The prepared mixture 

solution was maintained under agitation at a temperature of 50 °C for 3 hours. This solution is 

transparent yellowish color and slightly viscous. Soda-lime glass plates (2.5×2.5× 0.15 cm3) 

are used as the substrates, which it was cleaned with ethanol, acetone water during 5 min into 

each process and subsequently dried in air. The precursor solution was deposited on clean 

substrates using a spin coating system, and then the prepared solution were injected onto the 

center of the glass substrate, and it was rotated at a spinning speed of 4000 rpm for 30 s. After 
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30 s, the deposited films were dried at 250 °C for 10 min in a furnace to evaporate the organic 

solvent. This step was repeated for (3-5-7-11-13-15 times) in order to obtain a multilayer 

film. Finally, TiO2 films were calcined for 2 h at 500 °C in the furnace. The schematic 

diagram of the process used in the preparation of the TiO2 thin films is illustrated in Figure 

III.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.2. Schematic diagram of the preparation steps of TiO2 thin film procedure at 

different number of spin-coated layers. 

III.1.5. Characterization methods 

The synthesized structural, optical and electrical properties of TiO2 films were 

characterized using various techniques. Firstly, the structure of the prepared films was 

acquired by X-ray diffractometer (XRD) spectra (Model: Bruker D8) using Cu Kα (λ =1.5418 

Å) radiation within the 2θ range of 10° – 90°, with the steps of 0.02°. Besides, Perkin Elmer 

Lambda 950 UV/VIS spectrometer using a blank substrate as the reference position examined 

the optical properties of deposited thin film (film thickness, transmittance, gap energy, 

Urbach energy, refractive index) ranging from 300 to 1100 nm. Furthermore, the FT-IR 

spectra were obtained with a Fourier transform infrared spectrometer (Perkin Elmer UATR 

Two). The scanning wavelength of infrared was 400 – 4000 cm-1. Finally, four-point method, 
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using“KEYSIGHT B1500A Semiconductor Device Analyzer” and “CPS PROBE STATION” 

apparatus at room temperature was performed to estimate the electrical resistivity. 

III.1.6. Results and discussion 

III.1.6.1. Adhesion test 

Bibliographic research on adhesion tests for thin layers shows that there are a great 

many works on adhesion verification, which is justified by the growing interest in this field of 

activity. Adhesion, although not directly part of the desired properties, is an important 

parameter in the reliability of the deposited layer. Adhesion characterizes the behavior of a set 

of two materials united by adhesion, which represents the surface bond of one material to 

another. 

Two main families of tests can be distinguished; the test that damages the sample 

“destructive methods”, and that which keeps the sample intact “non-destructive methods”, 

But as long as we do not have this type of expensive material at our disposal. The adhesive 

strength between the films and the substrates was tested using the Scotch tape test on the 

deposited films before any characterization on the as prepared and heat treated films. 

Adhesion strength is generally deemed "excellent" if the film sticks to the substrate and does 

not rip away from it. In our search. In our research, we found that our layer adhered well to 

the substrate in all films. 

 

III.1.6.2. Thin Film Thickness  
 

Based on the pattern of transmittance in the transparent region, we used the optical 

interference fringes method to evaluate the thickness d of the TiO2 films according to the 

relationship (II.15). 

The film thickness verses number of layers of TiO2 thin films are shown in Figure III.3  

As expected from the Figure III.3, the films thickness increases with number of layers, from 

about 243.72 nm for 3 layers to around 1543.83 nm for 15 layers. This increase in film 

thickness is reasonable due to the increase in the quantity of the deposited material. Similar 

results behaviour have been reported by other works [1,2]. Indeed, it is well argued in thin 

film growth mechanism that the film formation passes through three steps : (i) nucleation (ii) 

cross linking and finally vertical growth .The two first steps are controlled by the substrate 

temperature, while the vertical growth increases with the deposition time, i.e film thickness. 
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The vertical growth is also called columnar growth, hence the top of the film surface is 

composed by aggregation formed by the column, this is at the origin of agglomeration and 

clusters on the top surface and surface roughness. 
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Figure III.3. The thickness of the TiO2 thin film as a function of the number  

of spin-coated layers. 

III.1.6.3. Structural properties  

The XRD patterns of TiO2 films grown at various number of layers are illustrated in 

Figure III.4. Generally, titanium dioxide can crystallizes in three different phases: rutile, 

anatase and brookite [3]. Rutile is the most stable one, while the other two phases are 

metastable which can transform into rutile when heated [4,5]. As shown from Figure III.4, the 

XRD results indicated that the films have a single anatase phase (JCPDS card No. 21-1272) 

[6], where as no other phases are revealed (rutile or brookite). Similar structure phase was 

observed by other literature [7,8]. From XRD results, it is noteworthy that at up to 9 layers 

one peak located at 2θ = 25.35° assigned to (101) diffraction plane. While, over 11 layers 

three peaks have obtained at 2θ values equal to 25.35°, 37.93°and 48.11° with (101), (004) 

and (200) planes of reflections, respectively. Furthermore, as shown in Figure III.4, all 

samples have only preferred orientation growth along the (101) plane, which can be attributed 

to the minimal value of the free surface energy for this plane [9]. That gives the atoms 

sufficient mobility to move to positions of less energy leading to the highest atomic density 

achieved along the (101) direction [10,11]. In addition, as the number of layers increase, the 

intensity of (101) peak is enhanced, indicating improved the crystallinity of the TiO2 thin 
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films with increasing number of layers. However, at large number of layers, the diffraction 

angle (101) of TiO2 thin films has shifted of 0.04° to 0.15°, this may originate from the 

occurrence of residual stresses in the films, reflected to change in d-spacing of a typical (101) 

plane. 
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Figure III.4. XRD patterns of TiO2 thin film with different number of spin-coated layers. 

 

Can be estimated that the crystallite size using the well known debye-scherrer equation 

(II.9). In addition, the dislocation density (δ) and lattice strain (ε) have also been estimated for 

all the films by applying relations (II.13) and (II.12). 

The variation of crystallite size, dislocation density and the strain with number of layers 

of TiO2 films are represented in Table III.1 and Figure III.5. As can be seen from these values, 

the crystallite sizes increases when the number of layers increase, while, the strain decreases. 

Lin et al. [12] also reported the same increases of crystallite size for ZnO films with different 

thicknesses. This may be due to the collectively fusion of small crystallite into the bigger 

crystallites, as the result, the density of nucleation centers in films decrease which in turn 

generates of internal strain [13,14]. 
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Figure III.5. Crystallite size and strain of TiO2 thin film as a function of the number of 

spin-coated layers. 

Table III.1: Crystallite sizes, dislocation density and strain values of TiO2 thin films extracted from 

XRD analysis at different number of spin-coated layers. 

Number of 

Layers 

Peak 

(hkl) 

2θ° FWHM 

(β°) 

D (nm) δ x10
15

 (Lines /m
2
) ε x10

−3
 

3 (101) 25.40 0.53 15.31 4.26 6.03 

5 (101) 25.38 0.51 15.78 4.01 5.84 

7 (101) 25.20 0.50 16.04 3.88 5.77 

9 (101) 25.35 0.48 16.55 3.65 5.64 

11 (101) 25.32 0.47 16.74 3.56 5.51 

13 (101) 25.42 0.46 17.64 3.21 5.25 

15 (101) 25.43 0.45 18.03 3.07 5.12 

 

The d-spacing and the lattice constants a and c of anatase TiO2 films was calculated 

from the given relation (II.11) and the residual stress in the plane of the film can be calculated 

quantitatively using expression (II.14). The obtained structural parameters for the deposition 

of TiO2 are provided in Table III.2. 

The values of residual stress of TiO2 thin films deposited at various number of layers 

are illustrated at Figure III.6. We can deduce from Figure III.6 that the residual stress of the 
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films prepared at number of layers 3, 5, 9, 11, 13 and 15 have a compressive stress. In 

contrast, the films deposited at number of layers 7 were found to have a tensile stress. These 

obtained results are in good agreement with those published in other works [15,16]. This 

variation in residual stress can be related to lattice mismatch, and the different thermal 

expansion coefficients between the films and the substrates [17,18]. 
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Table III.2. Structural parameters information of prepared TiO2 thin films for different number of 

spin-coated layers. 

Number 

of  

Layers 

 

h k l 

planes 

2θ 

(degree) 

Calculated parameters Reference 

parameter  

(JCPDS card 

No 21-1272) 

Stress 

(Gpa) d-spacing 

(Å) 

Lattice 

constant   

a (Å) 

Lattice 

constant   

c (Å) 

3 (101) 25.40 3.5027 3.7681 9.5006  

 

a0 = 3.7852 Å 

c0 = 9.5135 Å 

d0 = 3.521 Å 

2θ = 25.28° 

-0.852 

5 (101) 25.38 3.5062 3.7760 9.4860 -0.825 

7 (101) 25.20 3.5301 3.8017 9.5105  0.815 

9 (101) 25.35 3.5099 3.7785 9.4790 -0.797 

11 (101) 25.32 3.5134 3.7834 9.4716 -0.779 

13 (101) 25.42 3.5010 3.7676 9.4757 -0.742 

15 (101) 25.43 3.4993 3.7649 9.4848 -0.723 

 

Figure III.6. The residual stress of TiO2 thin film as a function of the number of 

 spin-coated layers. 
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III.1.6.4. Optical properties 

The effect of number of layers on the optical transmittance spectra of TiO2 thin films in 

the wavelength range of 300 – 1100 nm for the all samples are presented in Figure III.7. As it 

is shown transmittance spectrum can be divided in to two prominent regions: first region have 

a high absorption (λ< 385 nm), this is caused by the fundamental absorption of the light in 

thin films of TiO2; which is meant to the electronic transition between valence and conduction 

band of TiO2 [19]. Furthermore, it should be mentioned that the absorption edge shifts 

towards longer wavelength (i.e. red shift) with increasing numbers of layers (see the insert 

image in Figure III.7), which suggesting to narrowing the band gap energy of our films. 

Second region of strong transmittance, it is higher than 70% in the visible region (400 – 800 

nm) for all films. Since the excellent optical transmittance, these films can be useful for 

optical coating applications like: anti-reflective, wavelength-selective films and UV-protected 

films for optoelectronic devices [20]. Also, all the deposited films have interference fringes in 

the visible region owing to the difference of the refractive index value between air-film and 

film-substrate interfaces [21]. Additionally, the transmittance of the films decreases with 

increasing the number of layers caused by the increased in the films thickness. 

300 400 500 600 700 800 900 1000 1100

0

20

40

60

80

100

300 320 340 360 380

-10

0

10

20

30

40

50

60

70

Wavelenght (nm)

 3Layers

 5Layers

 7Layers

 9Layers

 11Layers

 13Layers

 15Layers

Bleu shiftT
r
a

n
sm

it
ta

n
c
e
 T

(%
)

Wavelength (nm)

 3 Layers

 5 Layers

 7 Layers

 9 Layers

 11 Layers

 13 Layers

 15 Layers

Red Shift

Figure III.7. Optical transmittance of TiO2 thin film at various number of spin-coated 

layers. 
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The optical band gap energy of 3, 5, 7, 9, 11, 13 and 15 layers of TiO2 thin films is 

deduced d by plotting a curve between (αhν)2
 and (hν) as shown in Figure III.8. The Tauc’s 

equation was used to determine the band gap energy, according to the following relation 

(II.20). 

The Urbach energy (band tail width), (Eu) is the disorder in film network. It is 

determined using the expressions (II.21). 

The calculated optical band gap energy and the Urbach energy for 3, 5, 7, 9, 11, 13 and 

15 layers of TiO2 thin films are summarized in Table III.3. These results indicate that the band 

gap energy (Eg) decreases from 3.67 to 3.52 eV as the number of layers increases. In contrast, 

the Urbach energy increases from 0.288 to 0.315 eV with increasing the number of layers. 

These obtained values are in good agreement with the previously reported values [22,23]. The 

gradual decrease in the band gap energy is related to the quantum confinement effect caused 

by the crystallite sizes enlargement [24,25], which is correlated to low band gap energy. In 

other side, the increase of the band tail width (Eu) can be attributed to the increase of the 

density of oxygen vacancy atoms into the TiO2 film [26,27]. 
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Figure III.8. The plot of (αhν) 2 versus hν of anatase TiO2 thin films deposited on glass 

substrate using different number of spin-coated layers. 
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Figure III.9. Optical band gap and Urbach energy of TiO2 films as a function of               

the number of spin-coated layers 

Table III.3. Optical band gap energy and Urbach energy values of TiO2 thin films deposited using sol-

gel spin coating method with different number of spin-coated layers. 

Number of Layers Thickness (nm) Band Gap Energy  (eV) Urbach Energy (eV) 

3 243.72 3.67 0.288 

5 313.20 3.63 0.291 

7 477.22 3.62 0.302 

9 661.32 3.59 0.306 

11 924.78 3.55 0.309 

13 1299.14 3.53 0.312 

15 1543.83 3.52 0.315 

 

III.1.6.5. Fourier Transform Infrared (FTIR) Spectroscopic Analysis 

FTIR spectroscopy is an excellent tool to finding the nature of structural and chemical 

bonding in the titanium oxide (TiO2) thin films. Figure III.10  represents the FTIR spectra of 

titanium oxide (TiO2) thin films with various numbers of layers in the range of 400 – 4000   

cm−1.The characteristic absorption bands in the pure TiO2 film, as shown in Figure III.10, 

include two strong broad peaks. One is around 764 cm−1, which is assigned to the stretching 

vibration of Ti–O groups, and the other is around 907cm−1, which is assigned to the stretching 

vibration mode of Ti–O–Ti groups. By the way, absorption intensity of the two peaks 
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increases with increasing number of layers which indicated to the enhancement of the 

crystallization degree [28], that supported by DRX results. Also, the peak of feeble absorption 

intensity located at 1563 cm−1 is associated to water molecules H–O–H stretching vibrations 

(pertaining to the adsorbed water) [29]. Also, there are traces of CO2 (2354 cm−1). This last 

band is due to the fact that the FTIR analysis of TiO2 thin films was carried out in ambient air 

[30]. On the other hand, we observe tow other peaks locate at 2852 and 2922 cm−1, these 

peaks are observed due to the C–H stretching bonds of the organic compounds [31].  

4000 3600 3200 2800 2400 2000 1600 1200 800 400

0

20

40

60

80

100

C-H CO2 H-O-H

Ti-O

23542922-2852
1563

764

 

 

R
ef

le
ct

a
n

ce
 (

%
)

Wavenumber (cm-1)

 03 Layers

 05 Layers 

 07  Layers

 09 Layers

 11 Layers

 13 Layers

 15 Layers
Ti-O-Ti

907

 

Figure III.10. FTIR reflectance spectra of TiO2 thin films deposited on glass substrate  

using different number of spin-coated layers. 

III.1.6.6. Electrical properties 

The electrical properties of the obtained TiO2 thin films as a function of number of 

layers were measured by using four probe techniques at room temperature. The value of the 

electrical resistivity ρ is obtained according to equation (II.22). 

Figure III.11 shows the electrical resistivity of TiO2 thin films as a function of the number of 

layers. As we can see, the measured values of ρ were found to be in the order of 103 Ω.cm for 

all films. As the number of layers increases, ρ gradually increases from 2.51 × 103 Ω.cm until 

a maximum value of 13.06 × 103 Ω.cm for 15 layers. This resistivity is greater than those 

found in the literature for pure TiO2 obtained by sol-gel process (resistivity ~104 Ω⋅cm) 

[32,33], while, it is lower than that reported by Muaz et al. [34] for TiO2 synthesized by the 

sol–gel method (resistivity ~107 Ω⋅cm). The electrical resistivity rise may ascribed to inherent 
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defects in TiO2 films such as Ti interstitials and/or O vacancies (VO), these defect be have as 

an acceptor ones, that may play an important role in the free electrons concentration reduction 

and consequently the films resistivity increase. 
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Figure III.11. Electrical resistivity variations of TiO2 thin films as a function of the 

number of spin-coated layers. 

Conclusion 

In conclusion, high quality nano-crystalline TiO2 thin films were deposited on glass 

substrate via a sol-gel spin coating method. Their physico-chemical properties variation with 

number of layers were investigated. The X-ray diffraction analysis showed that the only 

detectable crystal structure is the one of anatase with strong (101) as preferential orientation, 

while the films crystallite size varies from 15.31 to 18.03 nm. In addition, all TiO2 thin films 

are highly transparent in the visible region where the absorption band shifts to wards higher 

wavelength (Red Shift), suggesting the reduction in the optical band gap energy by increasing 

the layers. The FTIR measurements confirmed the presence of functional groups and chemical 

bonding in these films. Moreover, the electrical resistivity varies with the number of layers, it 

rise with number of layers from 2.51 × 103
 to 13.06 × 103

 Ω.cm. These properties make it 

useful for many applications such as antireflection coating, self-cleaning glass, gas sensors, 

dielectrics materials, blocking layers (buffer film) in DSSC, photo catalysis, and antibacterial. 

Finally, these multi-layers TiO2 thin films may be a potential candidate in 

optoelectronics devices due to their attractive properties, such as strongly absorb UV 

radiations, high transmittance visible light, single anatase phase and suitable crystallite size. 
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III.2. Effect of mixed solvent  

III.2.1. Introduction 

The deposition parameters of the Sol-Gel (spin coating) process are closely related to 

the characteristics of TiO2 films generated by this technology. As a result, deposition 

conditions have been widely studied in attempt to improve TiO2 film characteristics. 

Moreover, the choice of solvent is also dictated by process requirements (ease of drying, 

integrity of the final material), possible toxicity or environmental constraints (emission of 

volatile organic compounds). 

The solvent have been studied by Artaki et al. [35]. He classified them into three categories: 

 protic and polar solvents (methanol, formamide) 

 aprotic and polar solvents (dimethyl formamide, acetonitrile) 

 aprotic and apolar solvents (dioxane). 

The most favorable solvents in this works are polar and protic solvents. Indeed, in acid 

catalysis, these solvents stabilize the all intermediates by a better, as they form hydrogen 

bonds with them. On the other hand, in basic catalysis, they inhibit the reactivity of 

nucleophiles by protonating them. Under these conditions, the most suitable solvents are 

therefore the polar aprotics which stabilize the charged transition state and which solvate the 

reactants and the worst solvents are the apolar aprotics which do not stabilize the reaction 

intermediates and which poorly solvate the catalysts. Also, Artaki also showed that the 

morphology of the networks created was different depending on the solvent. Polar solvents 

give more linear structures and apolar solvents denser and spherical structures which is 

explained by a greater reactivity in the network than at the periphery. 

In this chapter, we will studied the effect of the mixed solvent (ethanol + methaol) on 

the structure, optical, and electrical properties of TiO2 thin films, and we evaluated the 

relationship between these properties in general. 

III.2.2. Experimental details 

III.2.2.1. Preparation of TiO2 films 

The sol-gel (spin coating) procedure was used to deposite TiO2 thin films as a function 

of concentration solution at room temperature. The solution was prepared by mixing titanium 
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Tetra isopropoxide (Ti [OCH(CH3)2]4) (𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 = 284.25 𝑔. 𝑚𝑜𝑙−1) which was 

used as precursor and acetyl acetone (CH3COCH) used as a stabilizer and mixing ethanol 

(C2H5OH) with methanol (CH3OH) used as a solvent as follows : [(0% of methanol, 100% of 

ethanol), (25% of methanol, 75% of ethanol), (50% of methanol, 50% of ethanol), (75% of 

methanol, 25% of ethanol) and (100% of methanol, 0% of ethanol)].  

The mixture was then agitated for 3 hours at 50 °C with a magnetic stirrer until a clear, 

yellowish, and slightly viscous solution was achieved. Soda-lime glass plates (2.5×2.5×0.15 

cm3) are used as the substrates, which it was cleaned with ethanol, acetone and distilled water 

during 5 min into each process and subsequently dried in air.  

Now the glass substrate is fixed on spin coating system, and then the prepared solution 

was dropped onto cleaned glass substrate with rotation speed of 4000 rpm for 30 s in order to 

obtain a well coated thin film on glass substrates. After each coating, the coated film was 

dried at 250 °C for 10 min on a furnace to evaporate the organic solvent. This technique was 

repeated for seven times to produce a multilayer film that was annealed in an air furnace for 2 

hours at 500 °C. 

Figure III.12 shown the overall procedure for preparing and characterisation of TiO2 

thin films using the sol-gel (spin coating) technique. 

 

III.2.2.2. Characterization of thin film 

 

The synthesized structural, optical and electrical properties of TiO2 films were 

characterized using various techniques. Where the film adherence to the substrate was 

evaluated using the tape method. The X-ray diffraction (XRD) studies were conducted in a 

BRUKER–AXS type D8 diffractometer (CuK𝛼1 radiation, 1.5406 A°) radiation with in the 

2θ range of 10°–90°, with the steps of 0.02°. A Perkin Elmer Lambda 950 UV/VIS 

spectrometer was used to measure the films transmittance and absorbance spectra in the 300–

1100 nm wavelength range. Moreover, the FTIR spectra were obtained with a Fourier 

transform infrared spectrometer (Perkin Elmer UATR Two). The scanning wavelength of 

infrared was 400 – 4000 cm-1. The resistivity was achieved by the four aligned probe method.  
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Figure III.12. The schematic diagram of the preparation steps of TiO2 thin films at 

different percentages of the methanol and ethanol solvent. 

III.2.3. Results and discussion 

III.2.3.1. Film thickness study 

The variation in titanium dioxide (TiO2) film thickness as a function of various ethanol 

and methanol ratios was presented in Figure III.13. It can be noticed, that the film thickness 

increases with increasing the percent of methanol from 477.22 to 940.78 nm. Moreover, it is 

clearly observed that the methanol solvent shows the higher thickness than the ethanol. The 
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increase in film thickness of the films probably due to crystallite sizes. These results are in 

good agreement with those published  by A. K. M. Muaz et all. [36]. 
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Figure III.13. Films thickness’s as a function of the mixed solvent's percentage. 

III.2.3.2. Structural characteristics 

The structural characterization is very important in explaining optical and electrical 

properties of thin TiO2 films. The X-ray diffraction patterns were recorded with various ratios 

of ethanol and methanol which was represented in Figure III.14. The XRD results show that 

all the TiO2 films deposited from a mixture of ethanol and methanol was so interesting results. 

When deposited of TiO2 thin films on the glass substrates, the XRD patterns of the all 

samples grown using methanol and ethanol as a solvent showed reflections exclusively related 

to the anatase phase (Figure III.14). Peaks in XRD correspond to the (101), (004), (112), 

(200) and (211) reflections at diffraction angle of 25.33°, 37.92°, 38.01°, 48.13° and 54.08°. 

Respectively, This is in accordance with JCPDS (n°: 21-1272). Moreover, no other phases 

(rutile or brookite) are detected in our results. countrary to the results of XRD pattern of as 

deposited TiO2 film on glass substrate at 550 °C of methanol and ethanol that carried solvent 

ratios obtained by Cynthia Edusi et al [37], suggest that the films produced with a (50% of 

methanol : 50% of ethanol) and a (75% of methanol : 25% of methanol) mixture showed the 

presence of only the rutile phase. Also, the films produced with 100% of methanol gives only 

the rutile phase. While the results of our work are consistent with the results obtained by 

Cynthia Edusi et all [37]. When 100% ethanol is used as solvent, gives exclusively anatase. 
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As can be seen from the Figure III.14 the intensity of the (101) peak generally increases with 

the increase of methanol ratios out from 0% to 100%. In the same time , it decreases with the  

increase of ethanol ratios out from 0% to 100% and this indicates the  increase of the 

percentage of the methanol solvent improved the TiO2 thin films crystallinity, where we find 

the maximum crystallization intensity at that the films produced of (100% of methanol: 0% of 

ethanol), in another meaning because of the increase of nucleation sites. Furthermore, we 

notice that the samples have a strong preferred orientation in the (101) direction, the peak 

becomes narrower, intense when the methanol solvent ratios increases, and this indicate the 

enhancement of the films crystallinity. It might be the reasons of film growth at the (101) 

direction since it requires the lowest free surface energy [38], which leads to the highest 

atomic density achieved at the (101) direction. Thus, it appears from this investigation that a 

mix of two phases with pureforms, with a certain degree of control over the ratio of two 

phases, can be achieved by controlling the solvent mixture ratio, which could be beneficial for 

the manufacture of specific titanium dioxide films. 
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Figure III.14. The XRD patterns of TiO2 thin films deposited with the percentage of the 

mixed solvent. 
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The microstructural parameters of TiO2 thin films prepared using different ratios of 

solvents ethanol and methanol are grouped in Table III.4, exhibit the highest XRD diffraction 

peaks on the (101) plane, so the crystallite sizes of the TiO2 are highlighted on it. Therefore, 

the crystallite size along this plane was estimated using Debye–Scherrer equation (II.9). The 

strain (ε) was determined by the formula (II.12). The quantity of defects (δ) in TiO2 thin film 

(the dislocation density) was estimated by the Williamson and Smallman’s equation (II.13). 

From Figure III.15 which shows the crystallite sizes at different ethanol and methanol ratios 

and Table III.4, we can observe crystals increasing in size from 16.04 nm to 21.77 nm (lower 

defects). The result shows that the TiO2 thin films prepared using 100% of ethanol solvent 

produce the smallest crystallite size (16.04 nm). Correspondigly, the TiO2 thin films prepared 

using 100% of methanol solvent produce the largest crystallite size (21.77 nm). The largest 

crystalline size displayed by the film prepared using methanol solvent at ratio of 100% can be 

attributed to higher viscosity of methanol compared with other solvent (ethanol) [39]. while 

the strain decreased by the increase in the percent of methanol solvent from 2.15 x 10-3 to 1.59 

x 10-3. This is due to the increase of crystallite size that led to reduction in inter-crystalline 

barriers as grain boundary area in the layers. On the other hand, as for the dislocation density 

it decreased from 3.88 × 1015 to 2.10 × 1015 (lines/m2) with the increase in the percentage of 

methanol solvent and the decrease in the percentage of ethanol solvent (see Figure III.16) . 

So, we can conclude that the use of methanol instead of ethanol reduces the structural defects, 

indicating the improvement in the crystallinity. These results are supported by the variation of 

XRD data. As reported Youssef Doub et al. [40], S. Benramache et al. [41] and A. Begum et 

al. [42]. 
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Figure III.15. The Crystallite size of TiO2 thin films with different the percentage of the 

methanol and ethanol solvent. 
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Figure III.16. Dislocation density δ and strain ε in terms of the various ratios of  

methanol and ethanol. 
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Table III.4. The crystallite sizes, dislocation density and strain parameters of TiO2 thin films at 

different percentages of the methanol and ethanol solvent.  

The mixed solvent’s 

percentage 

 

Peak 

(hkl) 

2θ° FWHM 

(β°) 

Crystallite 

size D (nm) 

Dislocation 

density(δ)x10
15

 

(Lines /m
2
) 

Strain 

(ε)x10
−3

 

0% Methanol+100% Ethanol (101) 25.20 0.50 16.04 3.88 2.15 

25% Methanol+75% Ethanol (101) 25.35 0.48 16.89 3.50 2.05 

50% Methanol+50% Ethanol (101) 25.33 0.45 18.08 3.05 1.91 

75% Methanol+25% Ethanol (101) 25.44 0.43 18.87 2.80 1.83 

100% Methanol+0% Ethanol (101) 25.37 0.37 21.77 2.10 1.59 

 

The lattice parameters a = b≠c for tetragonal structure, dhkl is given by the formula 

(II.11):  

The resolution of the two equation (II.10) and (II.11) for two (hkl) planes allowed us to 

determine the lattice parameters “a” and “c”. The 2θ values chosen for the calculation were 

25°, 37° and 48° positions corresponding to (101), (004), and (200) planes, respectively, for 

the samples prepared by various ethanol and methanol ratios. The lattice parameters of TiO2 

thin films varied slightly with the change of the solvents percent. The lattice parameters a, b 

and c showed in Table III.5 are in accordance with TiO2 powder crystallized under a 

tetragonal structure [39].  

Table III.5. The structural parameters of TiO2 films corresponding to (101) plane as a function of the 

mixed solvent's percentage 

The mixed solvent’s  

percentage 

 

hkl 

planes 

2θ° Calculated parameters Reference 

parameter 

(JCPDS 

card No 

21- 1272) 

Stress 

(Gpa) 

 

d-spacing 

(Å) 

Lattice 

constant 

a (Å) 

Lattice 

constant 

c (Å) 

 0% Methanol+100% Ethanol (101) 25.20 3.5301 3.8000 9.5376 

a0 = 3.7852Å 

c0 = 9.5139Å  

d0 = 3.521 Å 

2θ = 25.28° 

0.305 

25% Methanol+75% Ethanol (101) 25.35 3.5092 3.7789 9.4592 -0.289 

50% Methanol+50% Ethanol (101) 25.33 3.5130 3.7829 9.4710 -0.270 

75% Methanol+25% Ethanol (101) 25.44 3.4982 3.7636 9.4847 -0.259 

100% Methanol+0% Ethanol (101) 25.37 3.5075 3.7755 3.4774 -0.224 
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The residual stress (σstress) of the prepared films have been calculated using the relation 

(II.14). From Figure III.17 that shows the values of the stress of TiO2 thin films deposited at 

various ratios of solvents ethanol and methanol,  and Table III.5, One can deduce the stress of 

the films prepared at (0% of methanol : 100% of ethanol) were found to have a tensile stress. 

In contrast, the films deposited at methanol percent from (25%, 50%, 75% and 100%) were 

found to have a compressive stress, which means the stress changed from tensile (positive) to 

compressive (negative). Moreover, the stress decreases for TiO2 thin films deposited from      

-0.289 Gpa to -0.224 Gpa with the increases of methanol solvent ratios. Also, we notice that 

the stress have a variation inverse with grain size, when there is an increase in grain size, there 

is an improvement in crystal quality. So, there will be a decrease in stresses, this is due to the 

decrease in grain boundaries [43]. 
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III.2.3.3. FTIR Spectroscopic Analysis 

The Fourier transform infrared (FTIR) spectra of anatase titanium dioxide (TiO2) 

produced by sol-gel spin coating are shown in Figure III.18. The FTIR study of these TiO2 

nanoparticles showed the characteristics of the formation of high purity products and the 

peaks correspond to anatase titania. The spectroscopic band is observed in the range 500 cm−1 

- 600 cm−1 for TiO2 nanoparticles, which is described as a stretching mode of vibration for the 

Ti–O bond [44]. Another peak between 600 and 800 cm−1 corresponds to the Ti–O–Ti bond's 

Figure III.17. The stress of TiO2 thin films in terms of the various ratios of 

methanol and ethanol. 
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stretching vibration [45], and the other is around 897 cm−1 can be attributed to the Ti–O 

stretching mode, which involves nonbridging oxygen atoms. As reported by Carolina M. 

Rodrigues et al. [46] and Daniela Cordeiro Leite Vasconcelos et al. [47]. Besides, we observe 

two bands at around 1430 and 1588 cm−1 corresponding to the simple bending C–H vibration 

of the organic compounds. As reported by Tessy Lopez et al. [48] and E. Zanchetta et al. [49]. 

Moreover, additional peaks are noted at 2924 cm−1 (CH2 asymmetric stretching mode) and at 

2856 cm−1 (CH2 symmetric stretching mode) of the alcoxide [50,51]. Also, The C=O vibration 

band at 1704.3 cm−1 is found for TiO2 thin films. As reported by Jianhong Wei et al. [52]. On 

the other hand, there are also traces of CO2 (2361 cm−1). This last band is due to the fact that 

the FTIR analysis of TiO2 thin films was carried out in ambient air [30]. 
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Figure III.18. FTIR spectra for TiO2 thin films deposited as a function of the ratio of the 

mixed solvent. 

III.2.3.5. Optical characteristics  

The ability to knowledge optical characteristics of materials is critical in the design and 

analysis of optoelectronic devices [53]. Figure III.19 shows the transmittance spectra of TiO2 

thin films prepared at 500 °C by spin coating technique with different percentages of the 

mixed solvent in the wavelength range of 300 – 1100 nm. All samples have good absorption 

in the UV range (λ< 385 nm), and this is caused by the fundamental absorption of the light in 

thin films of TiO2. On the other hand, there is a shift in the short absorption towards longer 
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wavelengths (i.e. red shift) when the percent of the mixed solvent of the solution were 

increased from 0%  to 100% (See the insert image in Figure III.19), which indicates to 

narrowing the band gap energy of films. It is found that the TiO2 films deposited at different 

percentages of the mixed solvent (methanol + ethanol) exhibit a high optical transparency 

more than 72% for all films, which gives the thin layers of TiO2 the character of transparent 

films in the visible region. The highly transmittance of these films can be appropriated as 

transparent electrode of the solar cell application. On the other hand, in the visible region all 

of the samples indicate the existence of interference fringes in the transmission spectra ; this 

can be attributed to the decreased light scattering of incident light in the material due to 

uniform and homogenity of a smooth surface area consequently of interference oscillation 

between films and substrate surface [54]. As we also notice the transmittance increases with 

the increase of the percent of the methanol solvent from 0%  to 100%, this last can be 

explained by an increase in the crystallinity of the films and the improvement of crystallinity, 

which leads to a decrease in optical scattering and defects. Also, this may be due to the loss of 

scattering light because of the oxygen vacancies and the growth of crystallite sizes in the 

principle causes to the improvement in the transmittance value [55]. 
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Consider Figure III.20, which plots (αhν)2 against hν for TiO2 films prepared at with 

various ethanol/ methanol ratios was carried out .The optical band gap (Eg) is determined by 

 

Figure III.19. Transmittance spectra of TiO2 thin films as a function of the mixed solvent’s 

 percentage. 
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the extrapolation of the linear region of the curves to intersect at hν axis. From Figure III.20 

and Table III.6. it decreased is possibly due to the generation of micro deformations and the 

decrease of interatomic can be seen that the energy band gap of TiO2 samples decreased from 

3.68 to 3.56 eV with increasing the percent of the methanol solvent. The reduction of energy 

band gap of TiO2 thin films with the increase of methanol ratios was carried out could be 

owing to the associated to the increase of crystallite size. This decrease of optical band gap 

when the crystallite size spacing [56]. 
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Figure III.20. Plots of (αhν)2
 against hν of TiO2 films as a function of the mixed 

solvent's ratios. 

The Urbach energy is estimated by plotting Ln(α) vs. (hν) and fitting the linear portion 

of the curve with a straight line. As illustrated in Figure III.21, the reciprocal of the slope of 

this linear section produces the value of Eu. 

As can be seen in Figure III.21, the Urbach energy or the width of the band tail 

decreased from 0.302 eV to 0.154 eV with the increases of methanol solvent ratios. This 

behavior proves that the degree of structural disorder decreases with the increase of the 

percent methanol solvent. Moreover, that a minimum Urbach energy were reached at the 

percentage of 100 % of TiO2 thin films. This could be owing to improved crystallinity and 

minimization of strain and dislocation density, resulting in fewer defects in TiO2 thin films 
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this means the ideal, good and adequate the solvent ratio for less structural disorder is at 

methanol solvent at 100 percentage. 
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Figure III.21. Ln(α) vs hν plots of the films with different  methanol and ethanol 

solvent’s ratios. 

Table III.6. Optical and electrical properties values of TiO2 thin films deposited using sol-gel spin 

coating method with different ratios of methanol and ethanol. 

The mixed solvent’s  

percentage 

Thickness 

(nm) 

Band 

Gap 

Energy  

(eV) 

Urbach 

Energy 

(meV) 

Rsheet 

x106 

(Ω/sheet) 

Electrical 

resistivity 

x102 

(Ω.cm) 

Electrical 

conductivity 

x10-3 

 (Ω.cm)-1 

0% Methanol+100% Ethanol 477.22 3.68 0.302 19.52 93.15 0.11 

25% Methanol+75% Ethanol 616.12 3.62 0.167 3.25 2.02 4.95 

50% Methanol+50% Ethanol 747.67 3.61 0.159 2.32 1.73 5.78 

75% Methanol+25% Ethanol 768.60 3.60 0.156 2.05 1.57 6.36 

100% Methanol+0% Ethanol 940.78 3.56 0.154 1.30 1.22 8.19 
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III.2.3.6. Electrical characteristics 

Table III.6 illustrates the variation in resistivity (ρ) of thin films with the mixed 

solvent’s percentage. As shown in Figure III.22 and Table III.6, the electrical resistivity 

decreased from 93.15×102 (Ω.cm) at (0% of methanol + 100% of ethanol) to 1.22×102 (Ω.cm) 

at (100% of methanol + 0% of ethanol). Reduction in the electrical resistivity can be 

attributed to the increase of the degree of crystallinity of the films, which leading to 

increasing crystallite sizes, as the result, decreases the scattering at grain boundaries [57] 

which corresponds with the present XRD results, and consequently increased carrier 

concentration and free carrier mobility for electrical conduction. On the other hand, this may 

be due to the increasing film thickness’s  ,which scatters grain boundary of free electrons in 

thicker films is less than in thinner films because of larger crystallite sizes . Since resistivity is 

directly proportional to the electron scattering frequency, as reported S. RaviShankar et all. 

[58].  
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Figure III.22. Electrical resistivity as a function of the mixed solvent's percentage of 

methanol and ethanol. 
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Conclusion 

High quality TiO2 nanocrystal's thin films were resulted by the use of sol-gel (spin 

coating) method on glass substrates, which were annealed at 500 °C. The mixed solvent's 

percentage was studied at TiO2 films' structural, optical, and electrical properties. The film 

thickness measured by Swanepoel method, where we notice an increase in the thickness of 

TiO2 thin films with increasing methanol solvent ratio from 477.22 to 940.78 nm. In addition, 

all films have polycrystalline having tetragonal structure of anatase along (101) plane. 

However, we notice an increase in the preferential growth in the (101) plane for films with 

increasing methanol solvent ratio. Furthermore, we observe an increases in the crystallite size  

from 16.04 to 21.77 nm for TiO2 nanoparticles. Correspondly, we observe a decrease in the 

dislocation density and strain with an increse in the ratio of methanol solvent from 3.88 x 1015  

- 2.10 x 1015 (lines/m2) to 2.15 x 10-3- 1.59 x 10-3, respectively. Besides, the stress of TiO2 

thin films changed from tensile to compressive. On the other hand , it is found that the TiO2 

films deposited at different percentages of the mixed solvent (methanol + ethanol) shows a 

high optical transparency than 72% for all films, which gives the thin layers of TiO2 the 

character of transparent films in the visible region. The highly transmittance of these films can 

be appropriated as transparent electrode of the solar cell application. In addition, we noticed 

that the optical band gap energy (Eg) decreases from 3.68 to 3.56 eV where the absorption 

band shifts to wards higher wavelength (Red Shift). Correspondingly, urbach energy 

decreases from 0.302 to 0.154 eV. Hence, The FTIR measurements confirmed the presence of 

functional groups and chemical bonding in these films. of : Ti–O (at 514 cm−1- 897 cm−1),  

Ti–O–Ti (at 755 cm−1), C=O (at 1761 cm−1), CO2 (at 2361 cm−1) and C–H (2856 cm−1 - 2924 

cm−1, 1430 cm−1 - 1588 cm−1). Electrical measurements showed that methanol solvent 

effectively increases the electrical conductivity from 0.11 to 8.19× 10-3 (Ω.cm)-1. From these 

findings, these TiO2 thin films may be a potential candidate in optoelectronics devices due to 

their attractive properties. 
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IV.1. Influence of drying temperature 

IV.1.1. Introduction 

The temperature is the first parameter to consider, which is involved in any chemical 

reaction. As soon as the solution is prepared, the temperature affects on the hydrolysis and 

condensation rates. Hence, in our case, the drying temperature is one of the important 

process that influences the stoichiometry, structure and characteristics of films. To optimize 

the drying temperature for obtaining films with the best characteristics  structural, optical 

and  electrical properties, its effects on the TiO2 film characteristics have been studied. 

IV.1.2. Experimental details 

IV.1.2.1. Deposition of Titanium dioxide 

The coating solution was obtained by dissolving first 0.605 ml Titanium Tetra 

Isopropoxide Ti [OCH(CH3)2]4, 10 ml of methanol (CH3OH) and 0.210 ml of acetylacetone 

(CH3COCH) as precursor, solvent and stabilizer, respectively. The solution was then stirred 

for 3 h using a magnetic stirrer at 50 °C. This solution is transparent yellowish color and 

slightly viscous. Hence, the prepared solutions were deposited on glass substrates which 

were previously cleaned with ethanol, acetone and distilled water during 5 min into each 

process and subsequently dried in air at spin speed 4000 rpm for 30 s. To dry the films, the 

samples were placed in furnace for 10 min  at different temperatures 50, 100, 150, 200 and 

250 °C. The spin coating process was repeated seven times to achieve the desired thickness. 

After that, the annealing process was carried out at 500 °C for 2 h to obtain good crystalline 

films.  

IV.1.2.2. Characterization methods 

The tape method was used to check the films' adhesion to the substrate. X-ray 

diffraction (XRD) studies  were conducted in a BRUKER–AXS type D8 diffractometer 

(CuK𝛼1 radiation, 1.5406 A°) radiation with in the 2θ range of 10° – 90°, with the steps of 

0.02°. A Perkin Elmer Lambda 950 UV/VIS spectrometer was used to measure the films' 

transmittance and absorbance spectra in the 300 – 1100 nm wavelength range, Moreover, the 

FT-IR spectra were obtained with a Fourier transform infrared spectrometer (Perkin Elmer 

UATR Two). The scanning wavelength of infrared was 400 – 4000 cm-1. Besides, the 

electrical resistivity was achieved by the four aligned probe method was carried by 
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“KEYSIGHT B1500A Semiconductor Device Analyzer” and “CPS PROBE STATION”. 

Figure IV.1 shows the flow chart of the preparation of TiO2 thin films. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.1. Flow chart of sol–gel method for  preparation of TiO2 thin films at different 

drying temperature. 

IV.1.3. Results and discussion 

IV.1.3.1. Film thickness study 

Swanepoel method (see paragraph II.4.4.1) was used to calculate the films thickness’s 

at the drying temperatures 250 °C and 200 °C and the weight difference method used by 

Yahmadi et al. [1]. They were used to estimate the thickness (d) of TiO2 thin films at the 
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drying temperatures 50 °C, 100 °C and 150 °C due to the absence of interference fringes 

according to the following relationship: 

                                             𝑑 =  
𝑚

𝑆.𝜌
                                                                      (IV.1) 

where 𝑚 is the mass of the film (expressed in gram), ρ is the density of the TiO2 in the 

bulk form (𝜌 = 4.23 g/cm3) and S (cm2) is the area of the glass substrate. 

As Figure IV. 2 illustrates, the thickness decreases from 1346.22 nm to 940.78 nm as 

drying temperature increases from 50 °C to 250 °C .This reduction in thickness is attributed 

to the evaporation of water molecules and the removal of all organic species such as 

hydroxyl (O–H), carboxilate (C=O) and alkane groups (C–H) from all TiO2 films samples. 

Therefore, when the drying temperature is getting higher, the film is  thinner. These results 

are supported by the variation of FTIR data. 
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Figure IV.2. Effect of drying temperature on the thickness of TiO2 thin films. 

IV.1.3.2. Structural characterization 

The XRD patterns of TiO2 films deposited on glass substrates with different of drying 

temperature are illustrated in Figure IV.3. From Figure IV.3, we notice that the XRD results 

indicated that all the films are crystallized, revealing XRD lines related to anatase phase, no 

other phases (rutile or brookite) are detected. From XRD results, it is noteworthy that at up 
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to 200 °C one peak located at 2θ = 25.37° assigned to (101) diffraction plane. While, over       

200 °C four peaks have obtained at 2θ values equal to 25.35°, 37.94°, 48.13° and 54.05° 

with (101), (004), (200) and (211) planes of reflections, respectively. These peaks are in 

excellent agreement with the standard JCPDS data (n°: 21-1272) file for TiO2 [2]. 

Furthermore, Figure IV.3 reveals that the samples have a strong preferred orientation in the 

(101) direction, it has a higher intensity and narrow, which can be attributed to the value of 

the free surface energy is minimal for this plane [3]. This gives the atoms sufficient mobility 

to move to positions of less energy leading to the highest atomic density achieved along the 

(101) direction [4]. On the other hand, when the drying temperature increases from 50 °C to 

250 °C, the intensity of (101) peak is increased and this indicates the enhancement of the 

films crystallinity of the TiO2 thin films, where we find the maximum crystallization’s 

intensity at drying temperature of 250 °C. However, as the drying temperature increases, the 

diffraction angle (101) of TiO2 thin films changes from 0.07° to 0.13°, which could be due 

to residual stresses in the films, resulting in a shift in d-spacing of a typical (101) plane. 
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Figure IV.3. Variation of XRD patterns of  TiO2 thin films prepared at different drying 

temperatures. 
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The crystallite size (D) and strain (ε) of the TiO2 samples were from the XRD data 

using the equation (II.9) and (II.12) respectively. The variation of crystallite size and the 

strain with drying temperature of TiO2 films are represented in Table IV.1 and Figure IV.4. 

As can be seen from these values, the crystallite sizes increases from 13.93 to 21.77 nm, 

while the strain from 2.48 x 10-3 to 1.59 x 10-3 is decreased with the drying temperature’s 

increase.  Rosari .Saleh et al. [5] also reported the same increases of crystallite size for ZnO 

films with different drying temperature. This may be due to the collectively fusion of small 

crystallite into the bigger crystallites, as the result, the density of nucleation centers in films 

decrease which in turn generates of internal strain [6,7].  
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             Figure IV.4. Crystallite size and the strain as a function of drying temperature. 

 

In addition, the dislocation density (δ) have also been estimated for all the films by 

applying the relations (II.13). As it can be seen in the Figure IV.5 and Table IV.1 the 

increase of crystallite sizes of TiO2 nanoparticles leds to a the dislocation density decreased 

as the drying temperature increased of TiO2 thin films by Sol-Gel (spin - coating) technique 

from 5.15 × 1015 to 2.10 × 1015 lines/m2 .This reduction in the dislocation density is 

attributed to decrease in grain boundaries and it decreased dislocation defect inside the 

crystal lattice of the samples with increases in crystallite size in TiO2 thin films at different 

drying temperature, that supported by DRX results. Where, it was shown for all samples that 

the reflection peaks became sharper and that the full-width at half maximum (FWHM) 
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decreased slightly with increasing drying temperature, indicating the enhancement of 

crystallinity. Thus reducing dislocation defects within the crystal lattice. 
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Table IV.1. Crystallite sizes, dislocation density and strain values of drying temperatures TiO2 thin 

films extracted from XRD analysis. 

Drying 

temperature 

(°C) 

Peak (hkl) 2θ° FWHM 

(β°) 

Crystallite 

size D (nm) 

Dislocation 

density(δ)x10
15

 

(Lines /m
2
) 

Strain 

(ε)x10
−3

 

50 (101) 25.38 0.58 13.93 5.15 2.48 

100 (101) 25.35 0.45 17.90 3.12 1.93 

150 (101) 25.41 0.42 19.35 2.67 1.79 

200 (101) 25.38 0.40 19.86 2.53 1.74 

250 (101) 25.37 0.37 21.77 2.10 1.59 

 

The d-spacing and the lattice constants a and c of anatase TiO2 films was calculated 

from the given relation (II.10) and (II.11) respectively, and the residual stress in the plane of 

the film can be determinite using the relationship (II.14). From Table IV.2, we observed that 

the ‘a’ and ‘c’ values are less than the standard values of TiO2 (a = 3.7852 nm and                

c = 9.5139 nm) JCPDS (no : 21-1272). As shown in the figure (IV.6) 

Figure IV.5. The dislocation density of  TiO2 films at different drying temperature. 
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Figure IV.6. Lattice constant graph in termes of the drying temperature. 

The values of residual stress of TiO2 thin films deposited at various dyring 

temperature are illustrated in Figure IV.7. One can deduce from Figure IV.7, the residual 

stress of the films prepared at drying temperature 50, 100, 150, 200 and 250 °C were found 

to have a compressive stress. Besides,  we notice  that the stress decreases from -0.351 GPa 

to -0.224 GPa for the TiO2 thin films. This reduction in stress is attributed to increase in the 

grain size, therefore an improvement in the crystalline quality and the decrease in the 

stresses, this is due to the decrease in the grain boundaries [40]. 
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Figure IV.7. The stress of TiO2 thin films at different drying temperature. 
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Table IV.2. Micro-structural parameters of TiO2 thin films formed at different drying temperatures. 

Drying  

temperature (°C) 

hkl 

planes 

2θ° Calculated parameters Reference 

parameter 

(JCPDS 

card No 21- 

1272) 

Stress 

(Gpa) 

 

d-spacing 

(Å) 

Lattice 

constant 

a (Å) 

Lattice 

constant 

c (Å) 

50 (101) 25.38 3.5061 3.7826 9.3582 

a0 = 3.7852 Å 

c0 = 9.5139 Å 

d0 = 3.521 Å 

2θ = 25.28° 

-0.351 

100 (101) 25.35 3.5094 3.7802 9.4425 -0.273 

150 (101) 25.41 3.5019 3.7696 9.4926 -0.253 

200 (101) 25.38 3.5052 3.7799 9.3659 -0.246 

250 (101) 25.37 3.5075 3.7755 9.4774 -0.224 

 

IV.1.3.3. FTIR spectroscopy 

To gain information on chemical bonding and the existence of particular functional 

groups in the films, the FTIR technique is utilized at the range of 400 – 4000 cm−1. The 

FTIR spectra of titanium oxide films with various drying temperatures are shown in Figure 

IV.8. The films reveal absorption bands at 507, 755 and 897 cm–1. The band at 507 cm–1 

range due to the vibration of Ti–O bonds  in TiO2 lattice as reported in literatures [8,9]. This 

bond appears at the drying temperature of 250 °C only for TiO2 films, the presence of a band 

at 755 cm–1 due to symmetric stretching vibrations of the Ti–O–Ti  bonds [10]. On the other 

hand, the band observed at 897 cm–1 can be attributed to the Ti–O stretching mode which 

involves nonbridging oxygen atoms [11]. Besides, the FTIR analysis of TiO2 thin films 

shows traces of CO2 at (2361 cm–1) because the analysis is treated in a location which 

contains CO2 [12]. Furthermore, we also note the absence of associated with the H–O–H 

bending vibration of the absorbed water molecules and OH group in almost all samples of 

titanium films because due to the evaporation of water and combustion of organic molecules 

with increasing drying temperature from 50 °C to 250 °C. 
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Figure IV.8. FTIR transmittance spectra of  TiO2 thin films deposited on glass substrate 

using different drying temperatures. 

IV.1.3.4. Optical characterization 

The transmission spectra of TiO2 thin films provide information about their band gap 

and structure, which is important for their applications. The chemical composition, crystal 

structure, energy of incident photon, and film thickness all influence the transmittance 

spectra. For a given film, the chemical composition and crystal structure are fixed and hence 

in such a case the film thickness, crystallinity, and surface and structural  homogeneity are 

factors that greatly influence the transmittance of the film. 

Figure IV.9 shows the optical transmittance and absorbance spectra of TiO2 films at 

various drying temperatures, with wavelengths ranging from 300 to 1100 nm. It is found that 

the TiO2 films deposited at different drying temperature exhibit a high optical transparency 

about 71-84 % in the visible wavelength region (400 – 800 nm), which gives the thin layers 

of TiO2 the character of transparent films in the visible and can therefore be dedicated to the 

use as optical windows for the cells solar. Moreover, we notice that the presence of 

interference fringes in transmission spectra in the visible region for the deposited films at 

200 °C and 250 °C , this is due to the fact that the prepared films are uniform and 

homogenous with a smooth surface area consequently of interference oscillation between 

films and substrate surface [13]. On the other hand, we note the absence of interference 
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fringes in the long wavelength region at drying temperatures 50 °C, 100 °C and 150 °C. This 

can be attributed to the scattering of incident light in the material due to the air/film interface 

roughness. In general, transmittance of the TiO2 films increases in the visible region (400 – 

800 nm) with increase of drying temperature from 50 °C to 250 °C. Many authors report that 

the increase in transmittance of the films obtained by drying temperature is related to an 

increase in crystallinity of the films and the improvement of crystallinity and that improving 

crystallinity reduces optical scattering, flaws, and films surface homogeneity [14,15], that 

supported by DRX results. Also, can be explained by the decrease in films thickness (Beer-

Lambert law). Furthermore, due to the excitation and transition of electrons from the valence 

band (VB) to the conduction band (CB), the transmittance spectra reveal a strong absorbance 

for all films in the range of (λ< 385 nm). This last phenomenon is very important 

characteristic for a semiconductor corresponding to the optical band gap energy (Eg). 
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Figure IV.9. Transmittance spectra of TiO2 thin films with different drying temperatures. 

The plots of (αhν)2 against (hν) in Figure IV.10 are used to estimate the band gap 

values of the deposited films. The band gap was estimated by extrapolating the straight line 

to intersect the photon energy axis on the (αhν)2 versus (hν) curve, which has a straight line 

section. The band gap value in eV is the point of intersection of Figure IV.10 shows the 

variations in the optical band gap energy of TiO2 thin films at various drying temperatures. 
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In general, in polycrystalline semiconductors, the energy band gap can be impacted by the 

disorder and dislocation density at the grain boundaries [16]. Also, the quantum size effect 

and changes in the film's preferred orientation [17,18]. From Figure IV.11 and Table IV.3 it 

can be seen that the energy band gap was increase (from 3.37 to 3.56 eV) with increasing 

drying temperature from 50 °C to 200 °C. The results obtained by S. Rabaoui et al. [19]. and 

then it starts to decrease to the value of 3.56 eV for 250 °C. The increase in  energy gap Eg 

explained by the basis of the Burstein–Moss (BM) effect [20], an energy band widening 

effect resulting from the increase in the Fermi level in the conduction band of degenerated 

semiconductors so that high energy is needed for electrons in the valence band to move to 

higher energy states in the conduction band. Hence, Eg increased tremendously due to the 

high electron density. It applies that higher electron concentration density dominates over 

crystal defects which increased band gap. Furthermore, the band gap value decreases with 

the increase of drying temperature at 250 °C. This may be because when TiO2 thin films are 

dried at the temperature 250 °C process improves the crystallinity and increases crystallite 

size of the films that results in decreasing defects concentration as well as reduce the strain 

in the films , lowering the optical band gap energy [21,22]. In finally, suggest to that the 

appropriate drying temperature and the ideal to prepare TiO2 films is  250 °C. 

2,6 2,8 3,0 3,2 3,4 3,6 3,8 4,0

-1,00E+011

0,00E+000

1,00E+011

2,00E+011

3,00E+011

4,00E+011

5,00E+011

6,00E+011

7,00E+011

8,00E+011

9,00E+011

1,00E+012
 T= 50°C

 T= 100°C

 T= 150°C

 T= 200°C

 T= 250°C


h

²

 

h (eV)

 

Figure IV.10. The plots of (αhν)2 versus photon energy (hν) for the prepared TiO2 thin 

films at various drying temperatures. 
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Figure IV.11. The energy band gap of TiO2 thin film at different drying temperatures.  

The Urbach energy (Eu) is the band tail width that describes the disorder in a film 

network. It is calculated by taking the inverse of the linear part's slope from plots of Ln(α)  

vs hv (Figure IV.12). 
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Figure IV.12. Ln (𝛼) vs hν of TiO2  thin films at different drying temperatures. 

As shown in Figure IV.13 and Table IV.3. We notice that the Urbach energy decreases 

with the increase of drying temperature from 50 °C to 250 °C. This reduction in Urbach 

energy is due to a decrease in the degree of structural disorder as the drying temperature 

increase. It is obvious that the film exhibit minimum structural disorder when the films are 

dried at 250 °C. This could be owing to improved crystallinity and lower strain and 

dislocation density, resulting in reducing the defects in annealed TiO2 thin films. Moreover, 

the lower Urbach energy indicates to increase in crystallinity, thus improvements of the 

films crystal quality. Also, the degree of disorderliness decreases, and a relaxation of the 
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distorted bonds, that supported by DRX results (Decrease in Urbach energy can be 

correlated with the XRD result). 
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Figure IV.13.  The Urbach energy of TiO2 thin films at various drying temperatures. 

Table IV.3. Optical band gap energy, Urbach energy values and electrical resistivity and 

conductivity of TiO2 thin films deposited using sol-gel spin coating method with different drying 

temperatures. 

Drying 

temperature 

(°C) 

Thickness 

(nm) 
Band Gap 

Energy  

(eV) 

Urbach 

Energy 

(meV) 

Rsheet 

x10
6 

(Ω/sheet) 

Electrical 

resistivity 

x10
2 

(Ω.cm) 

Electrical 

conductivity 

x10
-3 

 (Ω.cm)-1 

50 1346.22 3.37 0.469 8.25 11.10 0.90 

100 1135.89 3.49 0.463 8.72 9.90 1.01 

150 1025.36 3.61 0.441 2.37 2.43 4.11 

200 969.77 3.85 0.341 1.43 1.38 7.24 

250 940.78 3.56 0.154 1.30 1.22 8.19 
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IV.1.3.5. Electrical characterization 

The variation of TiO2 films electrical resistivity and electrical conductivity as a 

function of drying temperature is shown in Figure IV.14. We can notice from this figure, 

The electrical resistivity decreases from 11.10 × 102 Ω.cm to 1.22 × 102 Ω.cm with drying 

temperature increases from 50 to 250 °C. Correspondingly, the electrical conductivity 

increases from 0.90 to 8.19 x 10-3 Ω.cm-1. The increase in conductivity of the films with 

drying temperature is due to the growth of crystallite size and improvement of crystallinity 

[23]. This conclusion, that the crystallinity of the films improves as the annealing 

temperature increases, is supported by the current XRD results. Furthermore, this behavior 

could be explained by the fact that the drying procedure increases the crystallite size and 

crystallinity of the film, which therefore results in less grain boundary scattering of free 

electrons [24]. 
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Figure IV.14. Electrical resistivity and conductivity of TiO2 thin films with different 

drying temperatures. 
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Conclusion  

In conclusion, TiO2 thin films were successfully deposited on glass substrates using 

the sol gel spin coating process at 500 °C. The films were dried in a furnace at various 

temperatures (50, 100, 150, 200 and 250 °C). The film thickness is measured by weight 

difference method at 50 °C, 100 °C and 150 °C  due to the absence of interference fringes 

and Swanepoel method was used to calculate it at the drying temperatures 250 °C and 200 

°C due to the presence of  interference fringes, where we notice a decrease in the thickness 

of TiO2 thin films with increasing drying temperature from 1346.22 to 940.78 nm. The 

deposited thin films feature a polycrystalline anatase tetragonal structure, according to the 

XRD data. As the drying temperature increase, the crystallinity and crystallite size increase 

from 13.93 to 21.77 nm. Besides, the stress of the all samples of TiO2 thin films were found 

to have a compressive stress. The film transmission in visible region is about 84% at 250°C 

sample. Also, we observe that the energy band gap was increase (from 3.37 to 3.56 eV) with 

increasing drying temperature from 50 °C to 200 °C and then it starts to decrease to the 

value of 3.56 eV for 250 °C. Correspondigly, urbach energy decreases from 0.469 to 0.154 

eV. Furthermore, Fourier transform infrared transmittance spectra (FT-IR) confirmed the 

presence of Ti–O, Ti–O–Ti and CO2 stretching vibration bonds. Moreover, electrical studies 

show that as the drying temperature rises, the electrical resistivity falls, with a minimum 

electrical resistivity of 1.22 x 102 Ω.cm which was obtained for the film coated at 250 °C. 

As a result, of the current study, it is obvious that the drying temperature has a significant 

impact on the physical properties of thin films. Finally, we can state that we have created 

excellent optical and electrical properties's TiO2 thin films that can be employed in a variety 

of optoelectronic and photovoltaic applications. 

 

 

 

 

 



Chapter IV: Influence of drying temperature and the stirring time on titanium dioxide thin 

films properties.                                         

 

 

118 

IV.2. Influence of the stirring time  

IV.2.1. Introduction 

As it is well known, the TiO2 thin films properties are significant effected by technique 

of elaboration and deposition parameters. As a result, deposition parameters has been 

extensively studied in order to improve TiO2 films electrical characteristics. However, very 

few studies have been devoted to the influence of Stirring time or mixing time. Danckwerts 

was the first to discuss the effect of stirring (mixing) on precipitation and reactions in 1958. 

Indeed, for chemical reactions which characteristic times are shorter than the mixing times, or 

in the same order of magnitude, the latter have a significant role on the path followed by the 

precipitation reaction and thus consequently on the yield, purity and physical quality of the 

produced suspension. The stirring time is the time needed to achieve a certain degree of 

homogeneity of a tracer in a vessel. 

In this chapter, TiO2 thin films were deposited on glass substrates by Sol-Gel (spin 

coating) method. Stirring time influence on crystalline structural, optical and electrical 

properties of TiO2 films have been investigated. 

IV.2.2. Experimental procedures 

IV.2.2.1. Preparation of thin films 

Using the sol-gel spin coating process, titanium oxide films were prepared on a glass 

substrate. Where, we used 0.605 ml Titanium Tetra Isopropoxide (TTIP) Ti [OCH(CH3)2]4 

Titanium Tetra Isopropoxide as precursor, 10 ml methanol (CH3OH) as solvent and 0.210 ml 

of acetylacetone (CH3COCH) as a stabilizer. Then the mixture was stirred constantly at 

different time : 1 hour, 2 hours, 3 hours and 4 hours at 50 °C  to yield a clear, transparent, 

and homogeneous solution (with a concentration of 0.2 mol. l-1 and a pH= 6). 

The aged titanium oxide solutions were deposited on microscopic glass substrates 

(2.5×2.5×0.15 cm3), which it was cleaned with ethanol, acetone and distilled water during 5 

min into each process and subsequently dried in air. The precursor solution was deposited on 

clean substrates using a spin coating system, and then the prepared solution were injected onto 

the center of the glass substrate, by using a spin coating technique with a controlled rotation 

speed of 4000 rpm for 30 s at room temperature. The films dried at 250 °C for 10 min to 

evaporate the solvent and remove organic residuals. This process was repeated seven times to 
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0.210 ml of acetylacetone 

[CH3COCH] 

get well coated films with the desired thickness. Then the films subjected to annealing 

treatment at temperatures 500 °C for 2 h in a furnac.  

The overall process used for the preparation and characterization of TiO2 thin films 

based on the sol-gel (spin coating) method is shown in Figure IV.15: 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.15. The schematic diagram of the preparation steps of TiO2 thin films at 

different stirring time. 

IV.2.2.2. Films Characterization  

The prepared films were characterized by an X-ray diffractometer (X’PERT PRO) 

using Cu Kα (λ =1.5418 A°) radiation within the 2θ range of 10°– 90°, with the steps of 0.02° 

to define the crystallite state and structural properties. UV-Visible spectrophotometer (Perkin 
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Elmer LAMBDA 950 UV/VIS) and fourier transform infrared (FTIR) was carried by (Perkin 

Elmer UATR Two) spectrometer. On the other hand, electrical resistivity was achieved using 

four probe method. 

IV.2.3. Results and discussion 

IV.2.3.1. Film thickness study  

The thickness of the films was calculated starting from Swanepoel method (see 

paragraph II.4.4.1). As Figure IV.16 shows the film thickness’s grow up from 787.44 to 

986.23 𝑛𝑚 as the stirring time augment from 1 hour  to 4 hours. Because of the increase in 

ionization. Where, as the stirring time of the solution increases, the presence of Ti 4+ ions 

increases, which then binds with O2- ions, forming the precipitation layer of TiO2 films. Thus, 

the thickness of TiO2 thin films increases. 
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Figure IV.16. The thickness of the TiO2 thin film as a function of the stirring time. 

IV.2.3.2. Structural studies 

The crystal structure and orientation of the TiO2 thin film were investigated by X-ray 

diffraction (XRD) pattern. The XRD pattern of all TiO2 films prepared at different of stirring 

time (1, 2, 3 and 4 hours) on glass substrate are shown in Figure IV.17. The material studied 

was discovered to be TiO2 polycrystalline with an anatase tetragonal structure. This is in good 

agreement with JCPDS data (n°: 21-1272). The films with 1 hour of stirring time present a 

three peaks of anatase phase at diffraction angle of 25.37°, 38.00° and 48.16° with (101), 

(112) and (200) planes of reflection. Besides, for the films with 2 hours of stirring times 
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present a three peaks of anatase phase are shown at diffraction angles of 25.42°, 37.96° and 

48.13° with (101), (004) and (200) planes of reflections, respectively. On the other hand, in    

3 hours of stirring times of TiO2 thin film, four peaks of anatase phase have obtained at 2θ 

values of 25.37°, 37.94°, 48.13°and 54.08° with (101), (004), (200) and (211) planes of 

reflections. In addition to this, in 4 hours of stirring times , three peaks of anatase phase have 

obtained at 2θ values of 25.39°, 37.94° and 48.10° with (101), (004) and (200) planes of 

reflections. 

The plan diffraction (101) has a much higher intensity than the diffraction of the other 

planes ((112), (004), (200), (204) and (211)), which shows a growth in the orientation (101), 

since the value of free surface energy for this plane is the minimal [25] .We can also observe 

that there is an evolution of the lines which is reflected by an increase in the diffracted 

intensity of the anatase plane (101) with the increase in the stirring time from 1 to 4 hours, 

where the full width at half maximan (FWHM) value decreases, thus indicating the increase 

in crystallinity of the thin films , this is due to increased number of mixing hours which 

increases chemical interactions and thus improves the purity of the final mixture [26] . Also, 

most probably longer stirring time leads to the increase in grain mobility and thus formation 

of bigger crystallizaion sites which lead to bigger crystals and higher crystallinity of the final 

product [11,27], and that means that the crystalline state of our films will getting better 

because of the increase of  the stirring time. 
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Figure IV.17. XRD patterns of TiO2 thin films at different stirring times. 
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The crystallite size of the samples is determined from the broadening of the most 

intense peak (110) in the XRD pattern using Debye–Scherrer‘s equation (II.9). From Figure 

IV.17, we notice that the all the diffraction peaks become slightly sharper and intense as the 

stirring time increases from 1 to 4 hours. This indicates that the crystallite size of the sample 

increases with increase in stirring time. Crystallite size of the TiO2 nanoparticles calculated is 

about 21.27, 21.43, 21.77 and 22.07 nm for 1, 2, 3, and 4 hours samples respectively (As seen 

in Figure IV.18 and Table IV.4). This increase in crystallite size is attributed to the 

simultaneous occurrence of particle growth, nucleation. The particle growth and nucleation 

both govern the particle size. Where the nucleated small crystallites tend to aggregate together 

to form more thermodynamically stable particles. Furthermore, the concentration of  hydroxyl 

ions can influence the crystallite size and its shape. In our current study the aggregation of 

nanoparticles is expected due to the presence of substantial OH ions in the samples, that 

supported by FTIR results, where the vibration expansion of the hydroxyl O–H groups of 

TiO2 thin films was found significantly and clearly in all samples. On the other hand, from the 

earlier reported studys, it was found that the presence of too much OH concentration enhances 

the agglomeration of the nanocrystals to a great extent. As reported by Dinesh Varshney et al. 

[28] and L.H. Jiang et al. [29]. 

The nucleation begin to occur through the following reactions : 

Ti4
+ + 4 HO-           TiO2 + 2 H2                                                                                   (IV.1) 

Ti4
+ + 4 HO-           Ti(OH)4                                                                                   (IV.2) 

Ti4+ + 6 HO-          Ti(OH)6) 
2-                                                                           (IV.3) 

The formation of tin oxide occurs as : 

 Ti(OH)4                   TiO2 + 2 H2O                                                                        (IV.4) 

(Ti(OH)6)
2-

               TiO2 + 2 H2O + 2 HO-                                                        (IV.5) 

From the previous equations it is clear that nucleation occurs via Ti(OH)4 or (Ti(OH)6)
2- 

So, it is predicated that extensive concentration of OH- ions facilitates the growth of 

nanocrystals and that means the increase in the crystallite size of the crystals thus that 

nanoparticles are well crystallized. 
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Figure IV.18. Crystallite size (D) and Full width at half maximum (FWHM) of TiO2 thin 

film with different of the stirring time. 

In addition, the strain (ε) of nanoparticle TiO2 were determined using the following 

relations (II.12). The Table IV.4 shows the calculated strain along the orientation (101) 

crystallographic plane for different the stirring times. The strain values for the TiO2 films that 

were deposited during the stirring times of 1, 2, 3 and 4 hours are 1.62, 1.61, 1.59 and 1.56 

(x10−3) respectively. The strain in TiO2 thin films was decresing, according to our results. 

This is due to the reduction in inter-crystalline barriers as grain boundary area in the layers 

because of to the increase of crystallite size with stirring times. (See in Figure IV.19) 
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Figure IV.19. Crystallite size and the strain as a function of the stirring time. 
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A dislocation is a crystallographic flaw, or irregularity, in a crystal structure, and its 

existence within the crystallite structure has a significant impact on several material 

properties. The dislocation density (𝛿), which is defined as the number of dislocation lines per 

unit volue of the crystal has been computed using grain size values depending on the 

Williamson and Smallman’s relation (II.13). As seen in the Table IV.4 the increase the 

crystallite size in Titanium oxide nanoparticles between 21.27–22.07 nm  leds to a decrease in 

the dislocation density between 2.21 × 1015 – 2.05 × 1015 (lines/m2) for TiO2 thin films by 

spin coating method. This is mainly due to the fact that  the increase in crystallite size in TiO2 

thin films with increase of the stirrring times leds to a decrease in grain boundaries and it 

decreased dislocation defect inside the crystal lattice of the samples and the result of all this 

was the stress reduced in crystal structure [30].  
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Figure IV.20. The dislocation density of TiO2 films with different stirring time.  

Table IV.4. Crystallite sizes, dislocation density and strain values of the stirring time TiO2 thin films 

extracted from XRD analysis. 

The Stirring 

time 

(hours) 

Peak 

(hkl) 

2θ° FWHM 

(β°) 

Crystallite 

size D (nm) 

Dislocation 

density(δ)x10
15

 

(Lines /m
2
) 

Strain (ε)x10
−3

 

1 (101) 25.37 0.38 21.27 2.21 1.62 

2 (101) 25.42 0.37 21.43 2.17 1.61 

3 (101) 25.37 0.37 21.77 2.10 1.59 

4 (101) 25.39 0.36 22.07 2.05 1.56 
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The internal stress (σ) in the plane of the film can be estimated using the equation 

(II.14). As shown in Table IV.5, the negative sign indicates that the film is in compressive 

stress. On the other hand, the lattice constants ‘a’ and ‘c’ for the films are calculated from 

formula (II.11). From Table IV.5 and Figure IV.21 we observed that the ‘a’ and ‘c’ values are 

less than the standard values of TiO2 (a = 3.7852 nm and c = 9.5139 nm), JCPDS card (n° : 

21-1272), that’s means the lattice was exposed to a compressive stress. Furthermore, It is also 

shown that the stress decreases from - 0.230 Gpa to - 0.221 Gpa with the increase in the 

stirring times from 1hour to 4 hours. This behaviour may be due to the size of the crystallites 

increases, which indicates the improvement of the crystallinity and the number of defects 

decreases. i.e. the decrease in the stresses [31]. Moreover, this last is confirmed by a shift of 

the peak (101) to a large angle which indicates a decrease in the plane spacing 𝑑. 
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Table IV.5. Structural parameters of TiO2 thin films with the difference of the stirring time. 

The Stirring 

time 

(hours) 

hkl 

planes 

2θ° Calculated parameters Reference 

parameter 

(JCPDS card 

No 21- 1272) 

Stress 

(Gpa) d-spacing 

(Å) 

Lattice 

constant 

a (Å) 

Lattice 

constant 

c (Å) 

1 (101) 25.37 3.5067 3.7752 9.4678 a0 = 3.7852 Å 

c0 = 9.5139 Å 

d0 = 3.521 Å 

2θ = 25.28° 

-0.230 

2 (101) 25.42 3.5007 3.7674 9.4729 -0.228 

3 (101) 25.37 3.5075 3.7755 9.4774 -0.224 

4 (101) 25.39 3.5042 3.7715 9.4764 -0.221 

Figure IV.21. The stress of TiO2 thin films at different stirring time. 
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IV.2.3.3. Fourier Transform-Infrared (FTIR) 

Fourier transform infrared transmittance spectra (FT-IR) were used to characterize the 

TiO2 thin films. The spectra obtained are shown in Figure IV.22. The organic compounds C–

H stretching bonds are due to the absorption bands at 2848 and 2927 cm−1 [32]. Furthermore, 

Renard et al. [33] showed that the two bands found at 2850 and 2913 cm−1 correspond to the 

symmetric and asymmetric CH2 stretching vibration modes. Besides, There are also traces of 

CO2 (2361 cm−1). This last band is due to the fact that the FTIR analysis of TiO2 thin films 

was carried out in ambient air [12]. Moreover, in the FTIR spectra, main bands were observed 

at 514, 755 and 897 cm−1. The band at 514 cm−1 range due to the vibration of Ti–O bonds in 

TiO2 lattice as reported in literatures [8,9], and The band at755 cm−1 range due to the vibration 

of Ti–O–Ti bonds [34]. On the other hand, the band observed at 897 cm−1 can be attributed to 

the Ti–O stretching mode which involves nonbridging oxygen atoms [10,35]. 
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      Figure IV.22. FTIR spectra of TiO2 films at different stirring time. 

IV.2.3.4. Optical studies 

 Figure IV.23 illustrates the transmittance spectra of TiO2 thin films formed at 500 °C 

with various stirring times of the solution  in the wavelength range of 300 – 1100 nm. On 

these spectra, two regions can be distinguished : 
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 A region of high absorption: corresponds to the fundamental absorption (λ< 385 nm) in 

TiO2 films, and this is caused by light’s fundamental absorption, which is due to the 

inter-band electronic transition (the valence band and the conduction band). On the 

other hand, there is a shift in the absorption threshold towards longer wavelengths (i.e. 

red shift) when the stirring time of the solution were increased from 1 hour to 4 hours 

(see the insert image in Figure IV.23), which suggesting to narrowing the band gap 

energy of our films. 

 A region of strong transmittance (λ > 385 nm): the transmission value is higher than 

72% for all films, which gives the thin layers of TiO2 the character of transparent films 

in the visible and can therefore be useful for optical coating applications like: anti-

reflective, wavelength-selective films and UV-protected films for optoelectronic devices 

[36]. On the other hand, we notice that the presence of interference fringes in the visible 

region of all the deposited films .This is mainly due to the difference of the refractive 

index value between air-film and film-substrate interfaces [37]. Also, these interference 

fringes in our samples are due to the decreased scattering light of incident light in the 

material due to uniform and homogenous with a smooth surface area consequently of 

interference oscillation between films and substrate surface [38]. As we also notice the 

transmittance decreases with the increase in stirring time of the solution, which can be 

explained by the increase in film thickness (Beer-Lambert law). 
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Figure IV.23. The transmittance spectra of TiO2 thin films deposited at difference            

stirring time. 
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The band gap energy of thin films TiO2 was determined by Tauc plot method according 

to the relationship (II.20). Based on Figure IV.24, it is obtained that energy gap of TiO2 thin 

films prepared with mixing time for 1, 2, 3 and 4 hours are respectively 3.67 eV, 3.65 eV, 

3.56 eV and 3.54 eV. These results indicate that the band gap energy (Eg) decreases with 

increase in the mixing time of the solution. This reduction in energy gap is attributed to the 

size of the crystal. Larger size of anatase crystals will provide a lower energy gap. This 

Phenomenon is well-known as a quantum size effect [39]. This effect is known to have 

important role in controlling the photochemical properties and photocatalytic of 

semiconductor materials [40]. 
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Figure IV.24. The plot of (αhν)2 versus hν of anatase TiO2 thin films deposited on glass 

substrate with variation of the stirring time. 

Disorder or Urbach’s (Eu) energy is defined as the bandtailing (electronic states above 

EV and below EC). The Urbach energy of TiO2 nanoparticles can be determined using the 

equation (II.21). Hence, according to this definition, Eg and Eu must have an inverse 

relationship, which is supported by our findings. 

Variation in Urbach energy for TiO2 thin films are summarised in Figure IV.25 and 

Table IV.6. We have observed an increase in Urbach energy from 0.136 eV to 0.157 eV with 

increase the stirring time of solution from 1 hour to 4 hours. This may probably be attributed 

to the reduction of energy band gap with the increase of stirring time of the solution could be 
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owing to the constitution of localized states in the band gap region. These states could be 

elicited in the band gap due to structural disorder caused by oxygen vacancies (the increase of 

the density of oxygen vacancy atoms into the TiO2 film) [41,42] .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.25. The plots of Ln (𝛼) versus photon energy (hν) for the prepared TiO2 thin 

films at various stirring times. 

IV.2.3.5. Electrical studies 

Four point probe technique at room temperature was used to obtain TiO2 thin films's 

electrical properties with various stirring  times.The value of the electrical resistivity ρ and 

electrical conductivity σ is obtained according to equation (II.12) and (II.13), the variation of 

TiO2 films resistivity and conductivity as a function of stirring time is shown in Figure IV.26. 
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We can see from this figure, as the stirring time  increases from 1 hour to 4 hours, the 

electrical resistivity gradually increases from 0.66 x 102 to 2.90 x 102 (Ω.cm). Correspondly, 

the electrical conductivity decreases from 15.15 x 10-3 to 3.44 x 10-3 (Ω.cm)-1. Electrical 

resistivity's increase is ascribed to some inherent defects in TiO2 films such as Ti interstitials 

and/or O vacancies, this defect behaves as a acceptor defect, which plays an important role in 

decrease the free electrons concentration and consequently the resistivity of the films 

increases. Lastly, the minimum value of the resistivity and the maximum value of the 

conductivity for TiO2 film at 1 hour of the stirring time makes the film find wide diverse 

applications in optoelectronics and photovoltaics. 
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Table IV.6. Optical and electrical properties for the stirring time of TiO2 thin films. 

The  

stirring time 

(hours) 

Thickness 

(nm) 

Band Gap 

Energy  

(eV) 

Urbach 

Energy 

(meV) 

Rsheet     

x10
6 

(Ω/sheet) 

Electrical 

resistivity 

x10
2 

(Ω.cm) 

Electrical 

conductivity 

x10
-3 

 (Ω.cm)-1 

       

1 787.44 3.67 0.136 0.85 0.66 15.15 

2 829.50 3.65 0.147 1.05 0.87 11.49 

3 940.78 3.56 0.154 1.30 1.22 8.19 

4 986.23 3.54 0.157 2.95 2.90 3.44 

 

Figure IV.26. Electrical resistivity and conductivity as a function of the stirring time. 

 



Chapter IV: Influence of drying temperature and the stirring time on titanium dioxide thin 

films properties.                                         

 

 

131 

Conclusion  

On glass substrates, titanium oxide thin films with different stirring time have been 

effectively deposited using the Sol - Gel (spin coating) process. The influence of stirring time 

on structural, optical, and electrical properties was studied. XRD patterns revealed that 

prepared films have a polycrystalline having tetragonal structure of anatase along (101) plane 

corresponding to TiO2 structure. We observed an increase in the preferential growth in the 

(101) plane for films , that means that the crystalline state of our films will getting better 

because of the increase of  the stirring time. Furthermore, we notice a increases in the 

crystallite size with increasing the stirring time from 21.27 to 22.07 nm for TiO2 

nanoparticles. Besides, the stress of the all samples of TiO2 thin films were found to have a 

compressive stress. On the other hand , films exhibited a high optical transparency that 

reaches up to 82% in the visible range at 1 hour . In addition, we noticed that the optical band 

gap energy (Eg) drops from 3.67 to 3.54 eV where the absorption band shifts towards higher 

wavelength (Red Shift). Correspondigly, urbach energy increases from 0.136 to 0.157 eV. 

Hence, the presence of Ti–O, Ti–O–Ti and CO2 absorption bands and the stretching bonds of 

the organic compounds of C–H, due to the symmetric and asymmetric CH2 stretching 

vibration modes was confirmed by Fourier transform infrared transmittance spectra (FTIR). In 

addition, we noticed a increased in the thickness of TiO2 thin films with increasing stirring 

time from 787.44 to 986.23 nm. Electrical measurements showed that stirring time increases 

the electrical resistivity from 0.66 to 2.90 × 102 (Ω.cm)-1. These properties make it useful for 

many applications such as antireflection coating, self-cleaning glass, gas sensors, dielectrics 

materials, blocking layers (buffer film) in DSSC, photo catalysis, and Antibacterial. 

Finally, we conclude that the prepared TiO2 films may be a potential candidate in 

optoelectronics devices due to their attractive properties, such as strongly absorb UV 

radiations, high transmittance visible light, single anatase phase. Also, the sol gel spin coating 

process is capable of producing high-quality thin films that are homogeneous and uniform. 
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V.1. Introduction 

In the field of semiconductors, doping is the action of adding impurities in small 

quantities to a pure substance in order of producing dramatic changes in its properties (in 

particular electrical properties). The properties of semiconductors are largely governed by the 

amount of charge carriers they contain. These carriers are electrons or holes. The doping of a 

material consists in introducing, into its matrix, atoms of another material. These atoms will 

replace certain initial atoms and thus introduce more electrons or holes. 

This chapter presents a detailed explanation of the preparation and characterization of 

La-doped TiO2 and Mn-doped TiO2 thin films deposited using sol-gel (spin coating) 

technique , where the atomic ratio of La and Mn in the precursor solution had 0, 3, 5, 7 and 9 

𝑎𝑡.% .Hence, The influence of La and Mn concentration on the properties of TiO2 thin films 

is also discussed in detail. 

V.2. Experimental details 

V.2.1. Preparation of La and Mn- doped TiO2 

lanthanum (La) and Manganese (Mn)  - doped titanium oxide thin films with different 

concentrations were prepared on glass substrates by sol gel spin coating technique, using 

0.605 ml Titanium Tetra Isopropoxide (TTIP) Ti [OCH(CH3)2]4, 10 ml of methanol (CH3OH) 

and 0.210 ml of acetylacetone (CH3COCH) were used as the starting  precursor, solvent and 

stabilizer, respectively then we add : Lanthanum (III) Cholride Heptahydrate [LaCl3,7H2O] 

(𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 = 371.37 g/mol), and Manganese (II) Chloride Tetrahydrate 

[MnCl2,4H2O] (𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 = 197.91 g/mol), 

The prepared solutions were stirred at 50 °C for one hours to yield clear and homogenous 

solutions, the resultant solutions were dropped on to glass substrates, which were rotated at 

4000 rpm for 30 s. After each coating step, the films dried at 250 °C for 10 min to evaporate 

the solvent and remove organic residuals. The spin coating process was repeated seven times 

to achieve the desired film thickness. Finally, all the samples were annealed in furnace at    

500 °C for 2 h to obtain good crystalline films. 

V.2.2. Characterization methods 

The phase and crystal structure were investigated using aby X-ray diffractometer (XRD) 

spectra (Model: Bruker D8) using Cu Kα (λ =1.5418 Å) radiation within the 2θ range of 20° – 

60°, with the steps of 0.02°, respectively. Besides, Perkin Elmer Lambda 950 UV/VIS 

spectrometer using a blank substrate as the reference position examined the optical properties 
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of deposited thin film (film thickness, transmittance, gap energy, Urbach energy) ranging 

from 300 to 1100 nm. Furthermore, the FT-IR spectra were obtained with a Fourier transform 

infrared spectrometer (Perkin Elmer UATR Two). The scanning wavelength of infrared was 

400 – 4000 cm-1. Finally, The electrical resistivity measurement was done using four probe 

method. 

The shematic diagram of sol-gel process of Mn and La-doped TiO2 preparation is shown 

in Figure V.1. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure V.1. The shematic diagram of sol-gel process of La and Mn- doped TiO2 preparation. 

 

10 ml of methanol 

[CH3OH] 

0.210 ml of acetylacetone 

[CH3COCH] 

0.605 ml of precursor 

(TTIP) Ti[OCH5CH3)2]4 

Stirring at 50 °C for 1h 

Transparent homogeneous solution of yellowish color 

Deposite by spin coating 

Drying at 250 °C for 10 min 

Annealing the films at 500 °C for 2h 

TiO2 Thin films 

3%, 5%, 

7%,  9% 

Manganese (II) Chloride 

Tetrahydrate [MnCl2, 4H20] 

Lanthanum (III) Cholride 

Heptahydrate [LaCl3, 7H2O] 

+ 

Repeat the 

process for 

7 times 



Chapter V : Comparison of characteristic properties of La and Mn –doped TiO2 thin films 

formed by spin –coating process 

 

 

138 

V.3. Effect of La-doped TiO2 

V.3.1. Structural study 

Figure V.2. shows the XRD spectra of pure and Lanthanum doped TiO2 nanoparticle 

samples. XRD analysis reveals that Ti/TiO2 film and Ti/La-doped TiO2 film with La 

concentration of 3%, 5% and 7%, that was calcined at 500 °C were comprised of anatase 

phase structure of TiO2 [1], namely, the planes (101), (112) and (200) at 2θ values 25.37°, 

38.00° and 48.16°. Respectively, which all are in good agreement with (JCPDS-21-1272). 

While, XRD analysis reveals that Ti/La-doped TiO2 film with La concentration of 9% were 

comprised amorphous phase structure. 

It is seen from diffraction pattern that by doping of lanthanum content upto 7 %, the position 

of strongest peaks (101) having a small shift towards lower values of 2θ (25.42° to 25.37°, 

shown in inset of Figure V.2). This is an indication that the incorporation of some La3+ ions 

into the TiO2 lattice. Besides, there isn't any intense diffraction peaks related to the oxides of 

La were observed in the recorded XRD patterns, implying that either La ions were 

incorporated into the bulk of mesoporous TiO2, or the La particles were very small and highly 

dispersed on the mesoporous TiO2 surface [2,3] because La oxide is amorphous or highly 

dispersed and cannot be detected by XRD scan [4]. 

The La-doped film has a certain extent of peak broadening compared to the undoped 

film, indicating lattice distortion in the TiO2 crystal structure (the structure disorder) and the 

presence of oxygen vacancies produced by La doping [5,6]. The phenomenon was explained 

by the fact that the La3+ has a large ionic radius (1.08 Å) than Ti4+ (0.61 Å). Therefore, it 

cannot enter into lattice sites of titania but La atoms only disperse on the surface of TiO2 

atoms and make stronger bonding. In addition.  Here, as the concentration of La increase, the 

intensity of (101) peak decreased as compared to pure TiO2, indicating a decreased 

crystallinity of the TiO2 thin films. This low peak crystallinity is may be due to height in 

lattice mismatching between the layers.  

Moreover, we found that the diffraction peaks of lanthanum modified TiO2 films film 

with La concentration of 3% and 5% are nearly same as that of pure TiO2 films which 

indicates that La3+ ions may be present in the form of La2O3 [7,8]. As a result, It seems that 

La-doping appears to causes an additional disorder in the anatase phase, and it does not 

exclude the presence of La-oxide in the amorphous phase in the samples doped with higher La 

concentration and this is what was found in TiO2 film when the concentration of La was 9 % 

as shown in the Figure V.2. 
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Figure V.2. XRD patterns of sol–gel synthesized pure and La-doped TiO2. 
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In the present study, the crystallite size 𝐷 was determined from Scherrer’s formula 

(equation II.9) using the diffraction peaks at 25.37°. From Figure V.3 and Table V.1 we 

observe that the FWHM slightly increases with increase in La doping percentage. Increasing 

in the FWHM value leads to decrease in crystallite size of the TiO2 anatase phase. The 

crystallite sizes of the nanoparticles obtained from the XRD spectra were 21.27, 20.87, 20.25 

and 18.41 nm for 0%, 3%, 5% and 7%  La-doped TiO2 respectively. This decrease in the 

crystallite size can be attributed to the fact that the dopant La3+ ions inhibits the growth of the 

nanoparticles because relatively large size difference between La3+ (1.216 Å) and Ti4+ (0.745 

Å) prevent La3+ ions enter into Ti lattice. Also, the decrease in the crystal size can be 

attributed to the presence of La2O3 produced on the surface and on the interstitial sites of the 

samples, this prevents TiO2 nanoparticles from clumping and inhibit the growth of crystal 

grains [5,9,10]. 
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Figure V.3. Crystallite size (D) and Full width at half maximum (FWHM) of TiO2 thin 

film as a function of La concentration (at.%).   

The dislocation density is defined as the length of dislocation lines per unit volume of 

the crystal, and it is calculated using Williamson and Smallman simple approach (relation 

II.13). Figure V.4 shows that when the percentage of La dopant increases, the dislocation 

density increases. This is because the presence of dislocations has a significant impact on the 

characteristics of TiO2 thin films. Where, a large dislocation density signifies a higher 

hardness.  

In addition, the lattice strain (ε) have also been estimated for all the films by applying 

the following relation (II.12). The strain values for the TiO2 films deposited at the La doping 
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concentration of 0, 3, 5 and 7 (at.%) are 1.62, 1.66, 1.71 and 1.88 (x10−3) respectively. Our 

results revealed of strain increases with the increase of the La-doping content, because that the 

ionic radius of La was larger  than that of Ti, strain is produced in the TiO2 lattice. Hence, this 

strain is due to the lattice imperfection during the film deposition (see Figure V.4 and Table 

V.1). 
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Figure V.4. Dislocation density 𝛅 and strain 𝛆 as a function of La concentration (at%). 

 

Table V.1. Crystallite sizes, dislocation density and strain values of pure and La doped TiO2 thin films 

extracted from XRD analysis. 

La 

Concentration 

(at%) 

Peak (hkl) 2θ° FWHM 

(β°) 

Crystallite 

size D (nm) 

Dislocation 

density(δ)x10
15

 

(Lines /m
2
) 

Strain (ε)x10
−3

 

0 (101) 25.37 0.38 21.27 2.21 1.62 

3 (101) 25.37 0.39 20.87 2.29 1.66 

5 (101) 25.42 0.40 20.25 2.43 1.71 

7 (101) 25.38 0.44 18.41 2.95 1.88 

9 __ __ __ __ __ __ 

 

The lattice constants ‘a’ and ‘c’ of anatase TiO2 films were calculated from the relation 

(II.11) and the stress of films are calculated by relation (II.14) and given in Table V.2 . We 

can see from this table that the ‘a’ and ‘c’ values are lower than the TiO2 standard values.       
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(a = 3.7852 Å and c = 9.5139 Å) JCPDS (n° : 21 − 1272) [11], which indicate that the stress 

is compressive for La doping concentration of 0%, 3% and 5%. With an increase in La 

concentration, the lattice parameters fall slightly. These changes are due to the internal 

structure of TiO2 film is affected by La doping. This is because the difference between ionic 

La3+ and Ti4+ radii .Where, this variation of lattice parameters will effect on the optoelectronic 

characteristics of film. In addition, it is observed in the literature that differences in ionic 

radius play a very effective role in lattice variations. When the La doping concentration 

reaches 7%, the lattice constants become greater than the standard values, and the stress is 

changed to tensile stress. This variation in stress can be related to lattice mismatch (shown in 

Figure V.5). 
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The surface states will play an important role in the nanoparticles, due to their large 

surface to volume ratio with a decrease in particle size [12]. The Specific surface area (SSA) 

defines the total area occupied by the particles/mass [13], with the help of the equation (II.15) 

SSA is measured. As shown in Table V.2, we notice that the specific surface area (SSA) 

increase dramatically as the crystallite size (D) of materials decreases. On the other hand, the 

specific surface area of the thin films is in the range 66.68–77.04 (m2/ g). In addition that, The 

specific surface area (SSA) is increasing with increase in La doping concentration because 

crystals are actually gathered together on the surface of the films. As results as, a high surface 

area absorbs more sunlight and boosts surface reactivity, resulting in increased efficiency. 

 

Figure V.5. The stress of TiO2 thin films as a function of La concentration (at.%). 
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    Figure V.6. Effect of  La concentration on specific surface area (SSA) and crystallite 

size (D) of TiO2 thin film.   

Table V.2. Structural parameters for undoped and TiO2: La thin films. 

La 

Concentration 

(at%) 

hkl 

planes 

2θ° Calculated parameters Reference 

parameter 

(JCPDS 

card No 

21- 1272) 

Stress 

(Gpa) 

Specific 

surface 

area 

(m
2
/g) 

d-spacing 

(Å) 

Lattice 

constant 

a (Å) 

Lattice 

constant 

c (Å) 

0 (101) 25.37 3.5067 3.7752 9.4678 

a0 = 3.7852Å 

c0 = 9.5139Å 

d0 = 3.521 Å 

2θ = 25.28° 

-0.230 66.68 

3 (101) 25.37 3.5065 3.7841 9.3271 -0.234 67.96 

5 (101) 25.42 3.5010 3.7765 9.3380 -0.241 70.04 

7 (101) 25.38 3.5054 3.7901 9.6533 0.265 77.04 

9 __ __ __ __ __ __ __ 

 

The volume of the unit cell for all the films were calculated according to the following 

relation (II.16). As Table V.3 illustrates, the lattice volume increase with increasing 

concentration of dopant which confirms the ionic size difference between the radii of La3+ and 
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Ti4+. Where we find it expansion of host occurred, that's because La3+ entering into TiO2 

lattice. 

The X-ray density was calculated using the relation (II.17). Besides, the X-ray density 

depends on molecular weight and lattice constant ‘a’. From Table V.3 we observed that the 

values of the X-ray density slightly increased because due to difference between atomic 

weights of La3+ (138.905 amu) and Ti4+ (47.867 amu), this results in a slightly increase in unit 

cell volume and, as a result, an increase in X-Ray density.  

The degree of crystallinity of the films was calculated using the relationship (II.18).  In 

Table V.3 we present the degree of crystallinity decreased with increase in La concentration 

because due to difference in ionic radii of host atom Ti4+ (0.61 Å) and the dopant atom La3+ 

(1.08 Å). 

Table V.3. The data extracted from XRD patterns of undoped and La-doped TiO2 films. 

La 

Concentration 

(at%) 

The volume of the unit 

cell (Å
3
) 

X-ray density   

(g/mol.Å
3
) (x10

-23
) 

Degree of crystallinity  

(XC) 

0 116.854 7.016 0.393 

3 115.661 6.966 0.378 

5 115.332 7.008 0.356 

7 120.111 6.896 0.294 

9 __ __ __ 

 

V.3.2. Fourier Transform Infrared (FTIR) Spectroscopic Analysis 

FTIR spectroscopy was used for finding the nature of the chemical bond in the titanium 

oxide (TiO2) thin films. Fourier transform-infrared spectra of La-doped TiO2 nanoparticles are 

shown in Figure V.7. At the range of 400 – 4000 cm−1. The FTIR analysis of these TiO2 

nanoparticles show the characteristics of the formation of high purity products, with peaks 

corresponding to anatase titania. TiO2 shows a broad band at 509 cm−1 range due to the 

vibration of Ti–O bonds in TiO2 lattice as reported in literatures [14,15]. Also, the broad 

peaks appear at 735 cm−1 are assigned to the to the stretching vibration mode of Ti–O–Ti 

groups [16]. Furthermore, we note that a very weak two peak appears in the pure TiO2 film at 

904 cm−1 and 1055 cm−1 which gradually increases with increase in La doping concentration 

to reach its strength at 9%, corresponds probably to absorption peaks bands O–Ti–O. As 
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noticed also by DU Jun et al. [17] and Ti–O–Ti. Chin-Chieh Ho et al. [18], respectively. By the 

way, Absorption intensity of the peaks decreases with increasing La doping concentration 

which indicated to the decreasing of the crystallization degree ,that supported by DRX results. 

Moreover, the peak of feeble absorption intensity positioned at 1563 cm−1 in the FTIR spectra 

of films are associated with the H–O–H bending vibration of the absorbed water molecules 

[19]. Hence, the presence of OH bands in the spectrum was owing to chemically and 

physically adsorbed H2O on the surface of nanoparticles [20]. Besides, There are also traces 

of CO2 (2360 cm−1). This last band is due to the fact that the FTIR analysis of TiO2 thin films 

was carried out in ambient air [21]. Also, In the FTIR spectra, main bands were observed at 

2858 and 2911 cm−1. Respectively, is allocated to the distinctive frequencies of leftover 

organic species that were not entirely eliminated by ethanol and distilled water washing and is 

attributed to the C–H stretching vibrations of alkane groups, the symmetric and asymmetric 

CH2 stretching vibration modes could be attributed to them [22]. Also, FTIR spectra of TiO2 

show a band at about 3389 cm−1, is attributed to stretching vibration of hydroxyl O–H groups. 

As reported by K.P. Priyanka et al. [23]. 
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Figure V.7. FTIR spectra of pure and La doped TiO2 nanoparticles. 

V.3.3. Optical study 

Figure V.8 shows the transmittance spectra of undoped and TiO2: La films recorded 

between 300 nm to 1100 nm wavelength range. From the Figure V.8 we notice that all the 
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spectra show almost similar curve shape. In the visible wavelength region (400 – 800 nm), a 

high transmittance with an average of up to 91% is observed with the presence of  

interference fringes (corrugations), which are due to the multiple refections of the radiation on 

the two sides of the film [24]. On the other hand, this is due to the fact that the prepared films 

are uniform and homogenous with a smooth surface area consequently of interference 

oscillation between films and substrate surface. Furthermore, we notice that the undoped TiO2 

has absorption edge at 380 nm which is similar to the anatase TiO2 nanoparticles (386 nm). 

The minimum shift has been observed for higher La percentage (9 at.%) at 344 nm. Besides, it 

is worth noting that the doping concentration increases caused a notable blue shift  in the UV 

region (λ< 385nm), because due to the reduction in size of the particles caused by doping, 

which confirms the quantum confinement [25]. Also, this may be attributed to the interaction 

between surface oxidic site of TiO2 and La3+ may also be the cause for blue shift [26]. This 

shift is followed by a increasing of the TiO2 network's band gap energy. 
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Figure V.8. UV–Visible spectra of pure and La-doped TiO2 films. 

 

The optical band gap energy of undoped, 3%, 5%, 7% and 9% La-doped of TiO2 thin 

films is calculated by plotting a curve between (αhν)2 and (hν) as shown in Figure V.9. The 

Tauc’s equation was used to determination the band gap energy, according to the relationship 

(II.20). As shown in Figure V.9, the optical band gap energy Eg increases from 3.67 to 3.75 

eV with increasing La dopant levels from 0 at.% to 9 at.%. This increase in energy gap is 

attributed to the presence of a large interaction between the TiO2 and La sites [25]. Also, the 
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broadening of the bandgap energy with increasing thickness of the films could be due to the 

Borstein-Mohs effect [27,28]. This phenomenon is associated with an increase in carrier 

concentration leading to Fermi level shifts to higher energy [29]. Where, doping with La3+ 

ions in TiO2 lattice will provide free electrons in the valence band. Because the bottom of the 

conduction band is filled with La free electrons, so that high energy is needed for electrons in 

valence to move to higher energy states in the conduction band. Hence, Eg increased 

tremendously with increase in La percentage to 9 (at.%) due to the high electron density. It 

applies that higher electron concentration density dominates over crystal defects which 

increased band gap [4]. 
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Figure V.9. The plot of (αhν) 2 versus hν of pure and La-doped TiO2 films. 

 

The Urbach energy (Eu) is the band tail width and describes the disorder in a film 

network. It is determinited by plotting a curve between ln(α) and (hν) as shown in Figure 

V.10. Hence, Urbach energy can be calculated using the formula (II.21). 
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Figure V.10. Ln(α) vs hν plots of undoped and La-doped TiO2 nanoparticles. 

 

Variation in Urbach energy for undoped and TiO2: La thin films are summarised in 

Table V.4. We have observed an decrease in Urbach energy with increase in Lanthanum (La) 
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concentration from 0 to 9 at.% from 0.140 eV to 0.126 eV. Zebbar et al [30] interpreted the 

Urbach energy Eu as being the width of the bands of the localized states inside the width of 

the forbidden band. This decrease in disorder with increasing La concentration can be 

interpreted as structural disorder decreases (the decrease in disorder density) and defect in the 

structure of the films [31] because the decrease in crystallite size has formed on the surface of 

the films to prevent external defects and intrinsic defects [32]. This result is confirmed by 

Abdelhak Jrad andothers [33]. 
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Figure V.11. Optical band gap and Urbach energy of TiO2 films as a function of La 

concentration (at.%). 

 

Table V.4. Optical and electrical properties for undoped and TiO2: La thin films. 

La 

Concentration 

(at%) 

Thickness 

(nm) 

Band Gap 

Energy  

(eV) 

Urbach 

Energy 

(meV) 

Rsheet   

x10
6 

(Ω/sheet) 

Electrical 

resistivity 

x10
2 

(Ω.cm) 

Electrical 

conductivity 

x10
-3 

 (Ω.cm)-1 

0 787.44 3.67 0.140 0.85 0.66 15.15 

3 907.02 3.68 0.138 0.75 0.68 14.70 

5 994.66 3.70 0.136 0.72 0.71 14.08 

7 1034.98 3.73 0.127 0.77 0.79 

 

12.56 

9 1090.87 3.75 0.126 0.88 0.95 10.52 
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V.3.4. Electrical study  

A four-point probe setup was used to conduct the electrical measurements.The variation 

of electrical conductivity of TiO2 films as a function of La-doping concentration is shown in 

Figure V.12. The value of the electrical conduvtivity 𝜎  is obtained according to equation 

(II.28). From Figure V.12, we can observe that the electrical conductivity is decreased from 

15.15 x 10 -3 to 10.52 x 10 -3 (Ω.cm) -1 as increasing La concentration. We obtained a 

maximum electrical conductivity value at 15.15 x 10-3 (Ω.cm) -1 for pure TiO2 thin film. Some 

La atoms may occupy interstitial places and may also form generate defects in the structural 

lattice, which operate as carrier traps rather than electron donors, resulting in a decrease in 

electrical conductivity [34]. Furthermore, this reduction in electrical conductivity is attributed 

to the decrease of grain size means deterioration of crystalline quality of TiO2 films with 

increase in La concentration and an increase of total grain boundary fraction in the films, 

which can enhance grain boundary scattering, thus, result in a decrease of electrical 

conductivity. This result confirmed by XRD and grain size variations. As a result, we may 

deduce that the electronic transport property of TiO2 thin films is fully dependent on the 

microstructure of the films and doping concentration. 
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Figure V.12. Conductivity of TiO2 thin films with different La concentration (at.%). 
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Conclusion  

Sol-gel (spin-coating) technology was used to successfully manufacture transparent 

conducting titanium oxide thin films with varied compositions (0, 3, 5, 7, 9 mol.% La) on 

glass substrates that had been annealed at 500 °C. The effect of lanthanum (La) doping 

concentration on TiO2 film structural, optical and electrical properties was examined. 

Following are the results reached as a result of these investigations : The X-ray diffraction 

analysis showed that the only detectable crystal structure is the one of anatase with strong 

(101) as preferential orientation, and there isn't any intense diffraction peaks related to the 

oxides of La were observed in the recorded XRD patterns. On the other hand, the crystallite 

size and strain values, were found to be around 21.27 to 18.41 nm and 1.62 x 10-3 to 1.88 x 

10-3. Besides, the stress of TiO2 thin films changed from compressive to tensile. The optical 

measurements show a high transmittance with an average of up to 82 %  for undoped TiO2 

films, and it was found to the transmittance increased from 83% to 91% with increased the 

Mn concentration from 3 at% to 9 at%. So, all TiO2 thin films are highly transparent in the 

visible region and show are mark able absorption band shifts (Blue Shift) suggesting the 

increased in the optical band gap energy increasing with increase in La doping concentration 

from 3.67 eV to 3.75 eV. Correspondigly, the urbach energy decreases from 0.140 eV to 

0.126 eV. On the other hand, FTIR spectra confirmed the presence of Ti–O, Ti–O–Ti,              

O–Ti–O, H–O–H, CO2, C–H and O–H stretching vibration bonds. Lanthanum doping in 

titanium oxide thin films reduces conductivity from 15.15 to 10.52 x 10-3 (Ω.cm)-1, according 

to four probe measurements. As a result, we may deduce that the electronic transport property 

of TiO2 thin films is fully dependent on the microstructure and doping concentration of the 

films. 
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V.4. Effect of Mn doping 

V.4.1. Structural study 

XRD pattern of pure TiO2 and Mn-doped TiO2 nanoparticles with different weight 

percentages (3%, 5%, 7% and 9%) respectively are shown in Figure V.13. As shown from 

Figure V.13, the XRD results indicated that all the films are crystallized. It was discovered 

that the substance seen is TiO2 polycrystalline with an anatase tetragonal structure, no other 

phases (rutile or brookite) are detected. Also , the pattern of pure TiO2 exhibits prominent 

peaks at 2θ values of 25.37°, 37.98°, 38.07° and 48.16° , which is represented by diffraction 

peaks corresponding to (101), (400), (112) and (200) this is in accordance with JCPDS            

(n°: 21-1272), similar structure phase are observed by other literature (S. Asha Bhandarkar et 

al.,2021) [35]. 

XRD diffraction patterns showed that the samples were polycrystalline, and had 

differences in peak intensities and widths. Where, as the rate Mn concentration increase, the 

intensity of (101) peak decreased and half-peak widths increased (FWHM), indicating not 

improved crystallinity of the TiO2 thin films with decreasing thickness, this may be it 

indicates that the crystal growth of TiO2 may be slightly affected by Mn doping And that's 

because the difference in ionic radii of host atom Ti4+ (0.61 Å) and the dopant atom Mn2+ 

(0.67 Å). Also, in literature it can be seen when dopant ions replace main ions in a crystal, the 

crystallinity declines (Li et al., 2008) [36]. Although, we have not observed any distinguished 

peaks of Mn or its oxides, the presence of these phases cannot be completely ruled out. Since 

the added dopant concentration is very less, the fraction of impurity phases are probably too 

less to be detected by XRD [37]. However, as the rate of Mn concentration increases, the 

diffraction angle (101) of TiO2 thin films changes from 0.05° to 0.18°, which could be due to 

residual stresses in the films, resulting in a shift in d-spacing of a typical (101) plane. On the 

other hand, we have observed with the increasing ratio of Mn dopant, the crystal structure 

remained the same and only the peak intensities changed. Therefore, can be attributed to the 

fact that the samples were produced in high purity and Mn ions replaced the TiO2 atoms 

without changing the crystal structure. The crystallite size (D) of the undoped and doped TiO2 

was calculated using the Debye-Scherer Formula (equation II.9), from Figure V.14  and Table 

V.5. We can see that crystallite size (D) decreases for the doped films with increase in 

concentration of dopant, where is the crystallite size of pure TiO2 is 21.27 nm, where as Mn 

doped TiO2 nanoparticles having 19.92, 19.39, 19.16 and 18.52 nm for 3%, 5%, 7% and 9% 
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of Mn, respectively. Also, we have observed that the FWHM value has increased with 

increase in Mn concentration indicating a decrease in crystallite size due to the presence of 

Mn content in TiO2 structure [38]. Furthermore, a slight decrease in particle size with increase 

in doping concentration and that's because the doping inhibits grain formation and causes 

lattice distortion in crystal structure [39]. 
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Figure V.13. XRD patterns of pure TiO2  and Mn-doped TiO2 nanoparticles with Mn 

concentration of 3%, 5%, 7% and 9% respectively. 
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Figure V.14. Effect of  Mn concentration on crystallite size (D) and Full width at half 

maximum (FWHM) of TiO2 thin film. 
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Based on the obtained crystallite size values, the one-dimensional defects (dislocation 

density) were calculated according to the relationship (II.13), the strain (ε) in the deposited 

films have been estimated using the relation (II.12) and the stress (σ) of the prepared films 

were determined using the formula (II.14), these structural parameters (𝛿, ε, σ) in addition to 

the and lattice parameters ‘a’, ’c’ of the films provide us with information about the crystal 

structure. From Table V.5 we observed that the dislocation density and the strain of the films 

were found to increase with decrease in crystallite size. This may probably be attributed to the 

following: the difference in ionic radii of Ti4+ (0.61 Å) and Mn2+ (0.67 Å), where we note that 

the ionic radius of Mn is greater than Ti. So, the substitution of Ti4+ by Mn2+ in the TiO2 

lattice when TiO2 is doped with Mn, it causes deformation in the crystal lattice [40]. (See in 

the Figure V.15). 
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Figure V.15. Dislocation density 𝜹 and strain 𝜺 as a function of Mn concentration (at.%). 

Moreover, we can deduce from the Figure V.16 and Table V.6 that the stress induced by 

Mn atoms in TiO2 thin films at different Mn doping percentage, was a which indicate that the 

stress is compressive. This is because the difference between ionic Mn2+ and Ti4+ radii .Where 

we find that when it is Mn2+ ions are incorporated into the periodic crystal lattice of TiO2, 

These ions (Mn2+) occupancy of interstitial sites of oxide titanium (between the (Ti) atom and 

the (O) atom). Therefore, a stress is compressive is induced into the system. Hence, we find 

that the lattice constants ‘a’ and ‘c’ to decreased upon doping. As we can see, the lattice 



Chapter V : Comparison of characteristic properties of La and Mn –doped TiO2 thin films 

formed by spin –coating process 

 

 

155 

constant changes little along the c-axis compared to the a-axis. This is due to Mn atoms 

occupying interstitial sites in addition to substitutional sites [39]. 
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Table V.5. Crystallite sizes, dislocation density and strain values of pure and Mn doped TiO2 

nanoparticles extracted from XRD analysis. 

Mn 

Concentration 

(at%) 

Peak (hkl) 2θ° FWHM 

(β°) 

Crystallite 

size D (nm) 

Dislocation 

density(δ)x10
15

 

(Lines /m
2
) 

Strain (ε)x10
−3

 

0 (101) 25.37 0.38 21.27 2.21 1.62 

3 (101) 25.38 0.40 19.92 2.52 1.73 

5 (101) 25.41 0.41 19.39 2.65 1.78 

7 (101) 25.37 0.42 19.16 2.72 1.80 

9 (101) 25.46 0.43 18.52 2.91 1.86 

 

The specific surface area (SSA) defines the total area occupied by the particles/mass 

[38], with the help of the equation (II.15). It is worthwhile noting, from Table V.6 and Figure 

V.17, that the specific surface area (SSA) increase as the crystallite size (D) of materials 

decreases. On the other hand, the specific surface area of the thin films is in the range 66.68 

(m2/ g) at Mn -doped TiO2 (0 𝑎𝑡. %) to 76.58 (m2/ g) at Mn-doped TiO2 (9 𝑎𝑡. %). Besides, 

Figure V.16. Variation of  lattice constants for pure and Mn doped TiO2 nanoparticles. 
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the specific surface area (SSA) is increasing with increase in Mn doping concentration 

because crystals are actually gathered together on the surface of the films. As results as, a 

high surface area absorbs more sunlight and boosts surface reactivity, resulting in increased 

efficiency. 
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Figure V.17. Variation of specific surface area (SSA) for pure and Mn doped TiO2 

nanoparticles. 

Table V.6. Structural parameters for undoped and TiO2: Mn thin films. 

Mn 

Concentration 

(at%) 

hkl 

planes 

2θ° Calculated parameters Reference 

parameter 

(JCPDS 

card No 

21- 1272) 

Stress 

(Gpa) 

Specific 

surface 

area 

(m
2
/g) 

d-spacing 

(Å) 

Lattice 

constant 

a (Å) 

Lattice 

constant 

c (Å) 

0 (101) 25.37 3.5067 3.7752 9.4678 

a0 = 3.7852Å 

c0 = 9.5139Å 

d0 = 3.521 Å 

2θ = 25.28° 

-0.230 66.68 

3 (101) 25.38 3.5054 3.7737 9.4667 -0.245 71.20 

5 (101) 25.41 3.5018 3.7815 9.2774 -0.252 73.15 

7 (101) 25.37 3.5068 3.7740 9.4893 -0.255 74.03 

9 (101) 25.46 3.4954 3.7848 9.0866 -0.262 76.58 
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In addition, the volume of the unit cell (V), the X-ray density and the degree of 

crystallinity (Xc) have also been estimated for all the films by applying the following 

relations (II.16), (II.17) and (II.18) respectively. The variation of the volume of the unit cell, 

the X-ray density and the degree of crystallinity with La concentration (at. %) of TiO2 films 

are represented in Table V.7. We notice that the volume of the unit cell  increase with 

increasing Mn dopant percentage which confirms the ionic size difference between the radii 

of Mn2+ and Ti4+. Where we find it expansion of host occurred, that's because Mn2+ entering 

into TiO2 lattice. As a result, when some Mn2+ ions remain in the unit cell at Ti4+ ion 

locations, the TiO2 bond length is enhanced. Besides, the X-ray density slightly increased 

because due to difference between atomic weights of Mn2+ (54.938 amu) and Ti4+ (47.867 

amu). Morever, because Mn has a larger ionic radius than Ti, the degree of crystallinity 

decreased as the Mn concentration increased. 

         Table V.7. The data extracted from XRD patterns of undoped and Mn-doped TiO2 films. 

Mn 

Concentration 

(at%) 

The volume of the unit 

cell (Å
3
) 

X-ray density   

(g/mol.Å
3
) (x10

-23
) 

Degree of crystallinity  

(XC) 

0 116.854 7.016 0.393 

3 116.748 7.024 0.344 

5 114.887 6.981 0.326 

7 117.045 7.022 0.319 

9 112.840 6.960 0.298 

 

V.4.2. FTIR Spectroscopic Analysis 

The infrared transmission spectra of undoped and Mn-doped TiO2  nanoparticles at 3%, 

5%, 7% and 9% at the range of 400 – 4000 cm−1, deposited by spin-coating technique on 

glasse substrates and annealed at 500 °C, are shown in Figure V.18. The FTIR study of these 

TiO2 nanoparticles reveals the characteristics of high purity product production, with peaks 

correspond to anatase titania. The characteristic absorption bands in the pure TiO2 film and 

Mn-doped TiO2 include two strong broad peaks and clear. One is around 496 cm−1, which is 

assigned to the stretching vibration of Ti–O groups [41], and the other is around 735 cm−1, 

which is assigned to the stretching vibration mode of Ti–O–Ti groups. J. Wei et al. [42]. On 

the other hand, the spectrum of Mn-doped TiO2 shows the appearance of new band at 894 
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cm−1 corresponds probably to absorption peaks metal bands-hydroxyl Ti–O or Mn–O. As 

reported by Abdelmalek Kharoubi et al. [24]. Moreover, the peaks at 1438–1558 cm-1 region 

could be attributed to carboxyl (C=O) and methylene groups. The carboxyl and methylene 

groups might could be resulted from residual organic species G.S. Guo et al. [43]. 

Furthermore, the peak of feeble absorption intensity positioned at 1656 cm−1 in the FTIR 

spectra of films is associated to water molecules H–O–H stretching vibrations (pertaining to 

the adsorbed water) [44]. Also, the peak at 1747 cm−1 can be associated to the asymmetric 

stretching mode of titanium carboxilate [45]. Besides, the spectrum of Mn-doped TiO2 shows 

the appearance of new band at 2367 cm−1 represented the Mn–Ti band. M.M. Rashad et al. [46]. 

Additionally to two others weak peaks located at 2858 cm−1 and 2924 cm−1 respectively, is 

attributed to stretching vibration C–H of alkane groups, that mainly due to the residual 

organic species and which was not completely removed by ethanol and distilled water 

washing [47]. In addition, for both bare and manganese doped TiO2 nanoparticles, a 

spectroscopic band in the range 3362 cm−1 is found, which is explained by both symmetric 

and asymmetric stretching vibrations of the hydroxyl group (Ti–OH). Similar in the stretching 

vibrations of the hydroxyl group (Ti–OH) of TiO2 has been reported by P. Praveen et al. [41] 

in their studies on manganese doped TiO2 nanoparticles. 
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         Figure V.18. FTIR spectra of pure and Mn-doped TiO2 thin films. 
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V.4.3. Optical study 

The optical transmittance spectra of Mn doped TiO2 nanostructures in the wavelength 

range of 300 – 1100 nm for the all samples are displayed in Figure V.19.  As is shown in 

Figure V.19, a high transmittance with an average of up to 82 %  for undoped TiO2 films is 

observed with the presence, and it was found to decrease from 80 % to 73 % as we increased 

the Mn concentration from 3 at% to 9 at%. This transmittance is consistent with that of TiO2 

thin films [41,19,20]. the primary reason for this reduction in transmittance is attributed to the 

deformation in lattice system with increasing Mn dopant levels. Furthermore, the 

transmittance spectra of our samples revealed strong absorption edges in the UV region 

(λ<385 nm), which suggesting that the absorption edge of the transmittance shifts towards 

longer wavelength (i.e. red shift) when Mn concentration were increased (see the insert image 

in Figure V.19), This shift is followed by a narrowing of the TiO2 network's band gap energy. 

Also, all the deposited films have interference fringes in the visible region owing to the 

difference of the refractive index value between air-film and film-substrate interfaces [48]. 
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Figure V.19. Optical transmittance spectra of Mn doped TiO2 thin films. 

Tauc's plot, which represents a plot of (αhν)2 versus photon energy (hν), was used to 

estimated the energy band gap value of the films. The Tauc's plot for undoped and Mn doped 

TiO2 samples is shown in Figure V.20. We can get the values of energy band gap of the films 

using to the following relation (II.20). The band gap energy for un-doped TiO2 has been 



Chapter V : Comparison of characteristic properties of La and Mn –doped TiO2 thin films 

formed by spin –coating process 

 

 

160 

observed 3.67 eV. Also, it has been observed that on doping the band gap energy decreases 

from 3.67 eV (pure TiO2) to 3.50 eV with the increase in Mn doping percentage in TiO2 

nanoparticles. This reduction in energy gap is attributed to the network distortions produced 

by the introduction of impurities and to the increase in the concentration of free electrons. 

Furthermore, reduction in band gap can be attributed to the occupation of interstit ial sites by 

manganese atoms in the Mn-doped TiO2 films [49]. 

3,0 3,2 3,4 3,6 3,8

0,00E+000

1,00E+012

2,00E+012

3,00E+012

4,00E+012

5,00E+012

6,00E+012

7,00E+012

8,00E+012

9,00E+012

0 2 4 6 8 10

3,48

3,50

3,52

3,54

3,56

3,58

3,60

3,62

3,64

3,66

3,68

 

 

G
a
p

 E
n

er
g
y
 (

ev
)

Mn Concentration (at%)

 Eg

 0% Mn

 3% Mn

 5% Mn

 7% Mn

 9% Mn


h

²

 

h (eV)

 

Figure V.20. The plot of (αhν) 2 versus hν of pure and Mn-doped TiO2 nanoparticles. 

 

The presence of surface imperfections causes the absorption curve to tail, which is 

known as the Urbach tail, and the associated energy is known as Urbach energy (Eu). Urbach 

energy can be determined using the equation (II.21).  

As shown in Figure V.21, which represents the plot of ln(α) versus energy of photon 

(hν) for pure and Mn doped TiO2 nanoparticles and Table V.8, we have noticed an increase in 

Urbach energy from 0.140 eV to 0.180 eV with increase in Mn concentration from 0 to 9 at%. 

This is mostly owing to the presence of disordered levels in the manganese-doped films 

forbidden gap. These disorders may be the contributions from vacancies and interstitials and 

edge dislocations imperfections created in the investigating material. This is consistent with 

other studies [49,50]. 
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Figure V.21. Ln(α) vs hν plots of undoped and Mn-doped TiO2 films. 
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Figure V.22. Variation of Urbach energy with Mn doping concentration. 

V.4.4. Electrical study 

The electrical properties of the obtained TiO2 thin films prepared at various Mn 

concentration (at.%). were calculated by using four point probe technique at room 

temperature. The value of the electrical resistivity ρ is obtained according to equation (II.27). 

From Figure V.23. As can be notice, We discovered that the resistivity increases from 0.66× 

102 at 0 mol.% Mn to 3.39 × 102 (Ω.cm) at 5 mol.% Mn concentration. This behavior could 
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be owing to the electron density being compensated by holes generated by acceptors, 

especially substitutional Mn atoms, resulting in an increase in electrical resistivity. Increasing 

Mn content will result in stronger compensation and hence larger resistivity, the reason for the 

increase in resistivity is that some Mn atoms may form defects, which acts as a carrier traps 

rather than electron donors. Moreover, we found that the resistivity decrease from 2.74 x 102 

at 7 mol.% to reach value 0.52 x 102 (Ω.cm)  at 9 mol.%  close to the resistivity value of 

undoped TiO2 film. This could be linked to the deterioration of crystallinity, thereby 

enhancement in lattice distortion [51]. 
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      Figure V.23. Resistivity of prepared Mn doped TiO2 thin films. 

 

Table V.8. Optical and electrical properties for undoped and TiO2: Mn thin films. 

Mn 

Concentration 

(at%) 

Thickness 

(nm) 

Band Gap 

Energy  

(eV) 

Urbach 

Energy 

(meV) 

Rsheet   

x10
6
 

(Ω/sheet) 

Electrical 

resistivity 

x10
2 

(Ω.cm) 

Electrical 

conductivity 

x10
-3 

 (Ω.cm)-1 

0 787.44 3.67 0.140 0.85 0.66 15.15 

3 759.55 3.60 0.153 2.37 1.80 5.55 

5 734.03 3.57 0.165 4.63 3.39 2.94 

7 696.01 3.54 0.173 3.95 2.74 3.64 

9 692.32 3.50 0.180 0.76 0.52 19.23 
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Conclusion 

TiO2 nanoparticles doped with different Mn contents were synthesized through a Sol-

Gel (spin coating) technique. The Mn doping TiO2 was promoted the crystallization process 

of the TiO2 particles when annealed at 500 °C. In addition, the XRD pattern of spin coated 

undoped and Mn doped titania films showed the presence of pure anatase phase for all 

samples. We have also found that the Mn doping did not affect the anatase phase. Also, the  

X-ray diffraction patterns of pure TiO2 and Mn-doped TiO2 nanoparticles are polycrystalline 

with preferential (101) plane of tetragonal structure. The grain size was found to decrease 

from 21.27 nm to 18.52 nm with increasing Mn doping. The optical measurements show a 

high transmittance with an average of up to 82 % for undoped TiO2 films is observed with the 

presence, and it was found to decrease from 80% to 73% as we increased the Mn 

concentration from 3 at% to 9 at%, and show are mark able absorption band shifts towards 

higher wavelength (Red Shift) suggesting the reduction in the optical band gap energy from 

3.67 to 3.50 eV with increasing in Mn doping concentration. Correspondigly, the urbach 

energy increases from 0.140 to 0.180 eV. Furthermore, the  FTIR Spectroscopic Analysis of 

Mn doped TiO2 films exhibit eight stretching vibration bonds is: Ti–O (at 496 cm−1) ,Ti–O–Ti 

(at 735 cm−1) , Ti–O or Mn–O (at 894 cm−1), C=O (at 1438–1558 cm−1) , H–O–H (at 1656 

cm−1) , Mn–Ti (at 2367 cm−1) , C–H (at 2858 cm−1 and 2924 cm−1)  and Ti–OH (at 3362 

cm−1). Electrical studies show that when the Mn concentration (at.%) increases, the electrical 

resistivity falls, and a minimum electrical resistivity of 0.52 x 102 (Ω.cm)  for the film coated 

at 9%. Finally, we can state that we generated TiO2 thin films with excellent optical and 

electrical properties, and that the sol gel spin coating approach is suitable for manufacturing 

high-quality TiO2 films. 
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Comparison of the properties of TiO2 thin films doped with 

lanthanum (La) and manganese (Mn)     

In this study, the influence of lanthanum and manganese doping on the characteristic 

structral, optical and electrical of TiO2 thin films prepared by the sol-gel (spin-coating) 

process is examined. The XRD patterns reveal that undoped and doped TiO2 nanoparticles 

with La and Mn concentration of 3%, 5%, 7% and 9% respectively, have a polycrystalline 

tetragonal structure of anatase, where as no other phases are revealed (rutile or brookite). 

Due to the big difference in the radius of lanthanum and Manganese doping as 

compared to titanium, this clearly reduces the crystallinity of the film in the manganese-doped 

titanium films as well as in the lanthanum-doped titanium films, where we find that the 

increase in the concentration of lanthanum the anatase structure turns into an amorphous 

phase structure starting from La concentration of 9%. Besides, XRD measurements show that 

the crystallinity of the film decreases due to the increase in the dislocation density of the La, 

Mn doped TiO2 thin films. Hence, the increase of the structural disorder. Also, XRD 

measurements reveal that all of the films for TiO2: Mn thin films are under compressive 

stress. Correspondly, all of the films for TiO2: La thin films are subject to compressive stress 

from 0% to 5% and tensile stress at 7%.This is mainly due to experimental conditions and the 

difference in radius between doping atoms and Ti. Moreover, Fourier Transform Infrared 

(FTIR) Spectroscopic Analysis spectra show that an additional peaks which is located at 

around 496 cm− 1,735 cm− 1 and 894 cm− 1 in low frequency values of Mn-doped TiO2. Also, 

FTIR spectra of TiO2 show a bands at about 509 cm−1, 735cm− 1, 904 cm− 1 and 1055 cm− 1 in 

low frequency values of La-doped TiO2. On the other hand, ftir spectra also indicate that the 

intensity of the peaks decreases with increasing La doping concentration which indicated to 

the decreasing of the crystallization degree. Besides, a high transmittance with an average of 

up to 82 % by manganese doping is observed with the presence, and 91% by lanthanum 

doping. 

As seen from optical transmittance measurements the value of the optical band gap 

decreases from 3.67 to 3.50 eV in pure and manganese doped TiO2.This reduction in energy 

gap is attributed to the network distortions produced by the introduction of impurities and to 

the increase in the concentration of free electrons. Correspondly, The urbach energy increases 

from 0.140 eV to 0.180 eV with increase in Mn concentration from 0 to 9 at%. This is mainly 
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due to the presence of disordered levels in the forbidden gap for the films doped with 

manganese. As compared, the optical band gap values increase from 3.67 to 3.75 eV in pure 

and lathanum doped TiO2, the broadening of the bandgap energy of the films could be due to 

the Borstein-Mohs effect and urbach's energy is decreasing from 0.140 eV to 0.126 eV, where 

this decrease in disorder with increasing La concentration can be interpreted as structural 

disorder decreases. 

As seen from electrical measurements the value of the electrical conductivity decrease 

with increase in La concentration from 15.15 x 10-3 to 10.52 x 10-3 (Ω.cm)-1 at 0% to 9% 

.Correspondly, when the Mn doping concentration increases from 0% to 5%, the conductivity 

decreases and then increases with increasing Mn concentration from 5% to 9% at values      

2.94 x 10-3 to 19.23 x 10-3 (Ω.cm)-1. According to these result, we conclude that manganese 

doped titanium oxide thin films are suitable for optoelectronic applications and is appropriate 

for producing TiO2 films with good quality. 

Finally, we can say that the XRD, FTIR, optical and electrical results are in agreement 

with each other but in a greater proportion in the study of manganese doped TiO2 thin films 

and our results manifest that structural, optical, and electrical properties of TiO2 film can be 

modified with the type of dopant atoms for producing TiO2 films with excellent quality are 

suitable for photovoltaic, optoelectronic and photocatalytic applications. 
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In this thesis work, we have developed and characterized thin layers of pure TiO2 and is 

doped with lanthanum and manganese by sol-gel (spin coating) on glass substrates at a 

temperature of 500°C for photovoltaic application. The choice of this method is justified by 

its simple, inexpensive,  low energy cost, high purity and better homogeneity of the material, 

and Realization of multi-component deposits in a single operation and  it allows to obtain 

deposits with controllable properties according to the conditions of development. 

The analysis of the properties of these samples was carried out by different 

characterization methods. In this context, we carried out structural characterizations by X-ray 

diffraction (XRD), optical by UV-VIS spectrometry , the FT-IR spectra were obtained with a 

Fourier transform infrared spectrometer and finally the electrical characterization by four-

point measurement . 

The following conclusions are drawn based on the results obtained of the six parts of 

this study:  

Has been investigated the Effect of the number of spin-coated layers on structural, 

optical and electrical properties of TiO2 thin films which they were deposited on glass 

substrate via a sol-gel spin coating method. Their properties variation with number of layers 

were investigated. The X-ray diffraction analysis showed that the only detectable crystal 

structure is the anatase only with strong (101) as preferential orientation, while the films 

crystallite size varies from 15.31 to 18.03 nm. In addition, all TiO2 thin films are highly 

transparent in the visible region and they show absorption band shifts to wards wavelength 

suggesting the reduction in the optical band gap energy by increasing the layers from 3.67- 

3.52 eV. The FTIR measurements confirmed the presence of functional groups and chemical 

bonding in these films. Moreover, the electrical resistivity varies with the number of layers, it 

rise with number of layers from 2.51×103 to 13.06×103 Ω.cm. 

The effect of the mixd solvent's percentage on structural, optical and electrical 

properties of TiO2 thin films has been investigated and prepared by a simple sol–gel  process 

followed spin coating technique on microscopic glass substrates for annealed at 500 °C. we 

notice a increase in the thickness of TiO2 thin films with increasing methanol solvent ratio 

from 477.22 to 940.78 nm. In addition, all films containe polycrystalline which is tetragonal 
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structure of anatase along (101) plane corresponding to TiO2 structure. However, we notice an 

increase in the growth at the (101) plane for films with increasing methanol solvent ratio, that 

means that the crystalline state of our films will be better. Furthermore, we observe a 

increases in the crystallite size from 16.04 to 21.77 nm for TiO2 nanoparticles. On the other 

hand , it is found that the TiO2 films deposited at different percentages of the mixed solvent 

(methanol + ethanol) exhibit a high optical transparency more than 72% for all films, which 

gives the thin layers of TiO2 this character. The highly transmittance of these films can be 

appropriated as transparent electrode of the solar cell application, In addition, we noticed that 

the optical band gap energy (Eg) decreases from 3.68 to 3.56 eV where the absorption band 

shifts towards higher wavelength. Correspondigly, Urbach energy decreases from 0.302 to 

0.154 eV. The FTIR measurements confirmed the presence of functional groups and chemical 

bonding in these films of : Ti–O, Ti–O–Ti, C=O, CO2 and C-H. Electrical measurements 

showed that methanol solvent effectively increases the electrical conductivity from 0.11 to 

8.19× 10-3 (Ω.cm)-1.   

The drying temperature impact on the structural, optical  and electrical properties of 

TiO2  thin films deposited on glass substrates  at 500 ° C. has been discussed. The XRD 

results reveal that the deposited thin films have a polycrystalline having tetragonal structure 

of anatase, due to the minimization of free surface energy, all of the films exhibited a 

preferred (101) orientation. The intensity of the (101) peak grows as the drying temperature 

increases, showing that the crystalline quality of the deposited films improves with drying. 

According to UV-VIS spectra analysis, the films transmittance increased from 71% to 84% in 

the visible region with increasing drying temperature. Also, the crystallite size increase from 

13.93 to 21.77 nm. Also, we observe that the energy band gap was increased (from 3.37 to 

3.56 eV) with increasing drying temperature from 50 °C to 200 °C and then it starts to 

decrease to the value of 3.56 eV for 250 °C. Correspondigly, urbach energy decreases from 

0.469 to 0.154 eV. Furthermore, Fourier transform infrared transmittance spectra (FT-IR) 

confirmed the presence of Ti–O, Ti–O–Ti and CO2 stretching vibration bonds. Besides, the 

electrical resistivity of the films decreases from 11.10 x 102 to 1.22 x 102 (Ω.cm) as drying 

temperature increase. 

On glass substrates, titanium oxide thin films with different stirring times have been 

effectively deposited using the Sol - Gel (spin coating) technique. The influence of stirring 

time on structural, optical, and electrical properties was studied. XRD patterns revealed that 

prepared films have a polycrystalline having tetragonal structure of anatase along (101) plane 
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corresponding to TiO2 structure. We noticed an increase in the preferential growth in the (101) 

plane for films , that means that the crystalline state of our films will getting better because of 

the increase of  the stirring time. Furthermore, we observed a increases in the crystallite size 

with increasing the stirring time from 21.27 to 22.07 nm for TiO2 nanoparticles. On the other 

hand, Films have a high optical transparency in the visible region, reaching up to 82 % at 1 

hour. In addition, we observed that the optical band gap energy (Eg) decreases from 3.67 to 

3.54 eV where the absorption band shifts towards higher wavelength. Correspondigly, urbach 

energy increases from 0.136 to 0.157 eV. Hence, the presence of Ti–O, Ti–O-Ti and CO2 

absorption bands and the stretching bonds of the organic compounds of C-H, because of the 

symmetric and asymmetric stretching vibration modes of CH2 was confirmed by Fourier 

transform infrared transmittance spectra (FTIR). In addition, we noticed a increased in the 

thickness of TiO2 thin films with increasing stirring time from 787.44 to 986.23 nm. Electrical 

measurements revealed that stirring time increases the electrical resistivity from 0.66 to 2.90 

× 102 (Ω.cm)-1. 

Lanthanum doped TiO2 thin films have been deposited on microscopic glass substrates 

that have been annealed at 500 °C. The influence of lanthanum (La) doping concentration on 

structural, optical and electrical properties of TiO2 films was investigated. The X-ray 

diffraction analysis showed that the only detectable crystal structure is the one of anatase with 

strong (101) as preferential orientation, and there isn't any intense diffraction peaks related to 

the oxides of La were observed in the recorded XRD patterns. While, the values of crystallite 

size and strain were found to be about  21.27 to 18.41 nm and 1.62 x 10-3 to 1.88 x 10-3 , The 

optical measurements show a high transmittance with an average of up to 82 %  for undoped 

TiO2 films, and it was found to the transmittance increased from 83% to 91% with increased 

the  La concentration from 3 at% to 9 at% .So, all TiO2 thin films are highly transparent in the 

visible region and show are mark able absorption band shifts suggesting the increased in the 

optical band gap energy increasing  with increase in La doping concentration from 3.67 eV to 

3.75 eV. Correspondigly, the urbach energy decreases from 0.140 eV to 0.126 eV. On the 

other hand, FTIR spectra confirmed the presence of Ti–O, Ti–O–Ti, O–Ti–O, H-O-H, CO2, 

C-H and –OH stretching vibration bonds. Lanthanum doping in titanium oxide thin films 

reduces its conductivity from 15.15 to 10.52 × 10 -3 (Ω.cm)-1, according to four probe 

measurements. 

Manganese doped TiO2 thin films have been deposited on microscopic glass substrates  

a sol-gel (spin coating) technique.The XRD pattern of spin coated undoped and Mn doped 
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titania films showed the presence of pure anatase phase for all samples. We have also found 

that the Mn doping did not affect the anatase phase. Also, the  X-ray diffraction patterns of 

pure TiO2 and Mn-doped TiO2 nanoparticles are polycrystalline with preferential (101) plane 

of tetragonal structure. The crystallite size was found to decrease from 21.27 nm to 18.52 nm 

with increasing Mn doping. The optical measurements show a high transmittance with an 

average of up to 82 % for undoped TiO2 films is observed with the presence, and it was found 

to decrease from 80% to 73% as we increased the Mn concentration from 3 at% to 9 at%, and 

show are mark able absorption band shifts towards higher wavelength suggesting the 

reduction in the optical band gap energy from 3.67 to 3.50 eV with increasing in Mn doping 

concentration. Correspondigly, the urbach energy increases from 0.140 to 0.180 eV. 

Furthermore, the FTIR Spectroscopic Analysis of Mn doped TiO2 films exhibit eight 

stretching vibration bonds is: Ti–O, Ti–O–Ti, Ti–O or Mn–O, C=O, H–O–H, Mn–Ti, C-H 

and Ti–OH. With increasing Mn concentration (at. %), the electrical resistivity decreases, and 

a minimum electrical resistivity of 0.52 x 102 Ω.cm was obtained for the film coated at 9%. 

In the present research, an attempt is made to optimize transparent conducting 

properties of TiO2 films using sol gel spin coating method. To achieve this goal, several 

process parameters like number of spin-coated layers, mixed of solvent, drying temperature, 

stirring time, La and Mn doping level are investigated. Among these parameters, drying 

temperature of TiO2 thin films at 250 °C and preparing the TiO2 thin films by methanol 

solvent and the stirring time of the solution at 1 hour are the most successful and efficient for 

the better electrical conductivity and optical transmittance of the films. Also, doping the TiO2 

films by manganese (Mn) give good results for the better electrical conductivity and optical 

transmittance of the films, These films are ideal for photovoltaic and optoelectronic 

applications like solar cells and gas sensors. Also, Photocatalytic application, which as a 

promising future fuel that protects the environment from pollutants.  

Finally, These results constitute interesting performances for samples manufactured by 

a very simple technique. So, In the upcoming scientific research, I will carry out various 

applications on all the current works in order to improve their structural, optical and electrical 

properties more and reach perfect scientific research. 
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Figure.1. The ASTM sheet (No. 21-1272). 

 


	I.7.2.2. How do dye sensitized solar cells work?
	The working principle of DSSC involves four basic steps: light absorption, electron injection, transportation of carrier, and collection of current. The following steps are involved in the conversion of photons into current (as shown in Figure I. 8) [...
	1- Firstly, the incident light (photon) is absorbed by a photosensitizer, and thus, due to the photon absorption, electrons get promoted from the ground state (S+/S) to the excited state (S+/S*) of the dye, where the absorption for most of the dye is ...
	2- Now, the excited electrons with a lifetime of nanosecond range are injected into the conduction band of nanoporous TiO2 electrode which lies below the excited state of the dye, where the TiO2 absorbs a small fraction of the solar photons from the U...
	S + hν → S*                                                        (I.9)
	S* → S++e− (TiO2)                                             (I.10)
	3- These injected electrons are transported between TiO2 nanoparticles and diffuse towards the back contact (transparent conducting oxide [TCO]), through the external circuit, electrons reach at the counter electrode.
	4- The electrons at the counter electrode reduce I− 3 to I−; thus, dye regeneration or the regeneration of the ground state of the dye takes place due to the acceptance of electrons from I− ion redox mediator, and I− gets oxidized to I− 3 (oxidized st...
	S+ + e− → S                                                    (I.11)
	5- Again, the oxidized mediator (equation I− 3) diffuses towards the counter electrode and reduces to I ion.
	I3−  +2e− →3I−                                                              (I.12)
	I.7.2.3.1. The advantages
	 Dye sensitized solar cells are the most efficient third-generation solar technology available is greatly used in applications like rooftop solar collectors. The power production efficiency is around 11%, as compared to thin-film technology cells whi...
	 In a silicon solar cell, it acts both as a source of electrons as well as an electric field provider, whereas in a DSSC, the semiconductor is used mainly for charge transport & the photo electrons are supplied by a different source (dye).
	 DSSCs work even in low-light conditions. Hence they are very popular under cloudy weather conditions and non-direct sunlight, where traditional cells would be a failure. The cutoff in DSSC is so low, they have been proposed for indoor usage, to coll...
	 A traditional solar cell is encased in glass with a metal at back for increasing its strength. Such setup may cause a decrease in its efficiency, as the cells heat up internally. However DSSCs are built up with only a thin layer of conductive plasti...

	Figure II.2. Scheme of thermal evaporation deposition [16].
	II.3.1.1.2. Sputtering deposition
	Sputtering is the thin film deposition manufacturing process at the core of today’s semiconductors, disk drives, CDs, and optical devices industries. On an atomic level, sputtering is a Physical vapor Deposition method, utilizing argon ions for bombar...
	1- The neutral gas is ionized by an external power supply, producing a glow discharge or plasma
	2- A source (the cathode, also called the target) is bombarded in high vacuum by gas ions due to the potential drop acceleration in the cathode sheath
	3- Ions from the target are ejected by momentum transfer and diffuse through the vacuum chamber
	4- Ions are deposited on the substrate to be coated and form a thin film
	The sputtering process begins when a substrate to be coated is placed in a vacuum chamber containing an inert gas - usually Argon - and a negative charge is applied to a target source material that will be deposited onto the substrate causing the plas...
	Figure II.4. Schematic diagram of laser ablation method [23].
	Figure II.7. Schematic diagram of sol-gel process [39].
	Figure II.16. The different stages of the dip-coating technique [51].
	II.3.4.6. What are advantages and disadvantages of the Sol-Gel method ?
	a. The advantage
	 Versatile: better control of the structure, including porosity and particle size, possibility of incorporating nanoparticles and organic materials into sol-gel-derived oxides.
	 Better homogeneity: due to mixing at the molecular level, high purity.
	 Simplicity of equipment  and ease of use of the material where no need for special or expensive equipment.
	 Films are easily anchored on the substrate bearing the complicated shapes and large surfce area
	 Suitable for deposition on other substrates like stainless steel plate, aluminium plates, silica glass rashing rings, glass wool.
	 Ability to generate thin layers of inorganic oxides on heat-sensitive surfaces at low temperatures.
	 Less energy consumption: since the network structure may be formed at relatively low temperatures near Tg, there is no need to attain the melting temperature.
	 Ability to optimize the  morphology of films based on applications that have been explored.
	 Easy to perform in the laboratory [52].
	b. The disadvantage
	 High cost of alkoxide precursors.
	 Delicate control of the process and long process times.
	 Handling a large amount of solvents [53].
	II.3.4.7. Applications of sol-gel method
	The materials resulting from sol-gel technology are found in four main industrial activities, namely:
	 Chemical applications: which include the synthesis of powders, catalysts, membranes, gas barrier, and repellent film.
	 Optical and photonic applications: which include fluorescence solar collector, solar cell, laser element, light guide, optical switching, light amplification, antiereflecting coatings, and non-linear optical effect (second generation).
	 Biochemical applications: which include the formulation of drugs, the development of new treatments, cosmetic formulations, artificial bone tissues, dentistry ... These applications, although few in number on the market, are promised significant dev...
	 Structural applications: for the manufacture of glass, ceramics, insulation, refractory or composite materials, fibers, abrasives and coatings. Among these materials, it is also necessary to include electronic applications for the synthesis of diele...
	 Thermal application : which include the refractory ceramics, fibers wood, aerogels, and low expansion ceramics.
	 Mechanical application : which include the protection with hard coat, and strong ceramics abrasive.
	 Electronique application (ferrolectricity electronic and ionic conduction) : which include the capacitor, piezoelectric transfer, non-volatile memory, transparent semiconductors, and solide electrolute (battery,fuel cell).
	 Biomedical application : which include the entrapment of enzyme, cell, coated implant, and medical test [54].
	II.3.5. What is the difference between PVD and CVD?

	II.4. Characterization techniques
	In order to analyze and study the characterization titanium oxide (TiO2) thin films, several characterization techniques are used such as structural, optical, electrical and surface morphological characterization techniques. The nature of crystal stru...
	II.4.1. X-ray diffraction (XRD)
	X-ray diffraction (XRD) is an analytical technique based on the study of crystal structure by diffraction of waves: X-rays or electrons. Diffraction depends on the structure studied as well as the wavelength of the radiation used. Indeed, at optical w...
	 Principle of operation
	In a crystal lattice, the arrangement of atoms is regular and periodic, the distance between the atomic planes of a family of planes (hkl) is called the interreticular distance (Figure III.5). When a rigorously monochromatic x-ray beam (a single wavel...
	Figure II.17. The principle of Bragg's law [57].
	The directions in which the interferences are constructive, called "diffraction peaks", can be determined very simply by the following formula, known as Bragg's law [58]:
	n λ = 2dhkl sinθ      (II.8)
	Where: n is the order of diffraction (whole number) , λ is the wavelength of the x-rays, dhkl is the spacing between consecutive parallel planes and θ is the angle between the incident or diffracted X-rays and the reticular plane.
	For the structural characterization of our different thin layers we used the BRUKER-AXS type D8 diffractometer, operating in Bragg - Brentano geometry, according to the following conditions:
	 The X-ray source is produced by a copper anticathode, supplied by a voltage generator - current of 40 kV – 40 mA.
	 The X radiation used is copper Kα (λCuα = 1.54056 Å) obtained by a monocrystalline germanium monochromator.
	 The sample is placed on a goniometric head.
	 The XRD spectra of the samples are recorded for 2θ between 20   and 80   with a step of 0.02  .
	The identification of the phases and crystal structures of the sample can be done by simply comparing the recorded spectra with the databases of the ASTM files.
	II.4.1.1. Determination of the crystallite size (D)
	The crystallite size (D) of the film is calculated using Scherrer’s formula [59]:
	Where: λ is the wavelength of the x-ray, β is the full width at half maximum intensity in radians (FWHM), and θ is the Bragg angle.
	Figure II.18. The definition of FWHM from the X-ray diffraction curve [60].
	II.4.1.2. Determination of the lattice parameters (a,c)
	,𝒅-𝒉𝒌𝒍.=,𝒏𝝀-𝟐,𝐬𝐢𝐧-,𝜽-𝒉𝒌𝒍...                                                    (II.10)
	Where: d is the lattice spacing of the crystal planes (h k l).
	II.4.1.3. Determination of the strain (𝛆)
	The strain (ε) was determined by using the relation [63] :
	II.4.1.5. Determination of the stress (𝛔)
	II.4.2.3. What are advantages and disadvantages of the Scanning Electron Microscope ?
	Figure II.21. Schematic diagram of FTIR [77].
	II.4.4. Ultraviolet - Visible Spectroscopy
	UV-Visible spectroscopy is a method of non-destructive optical analysis that relies on the transition from a ground state to an excited state of an electron, an atom or a molecule by excitation by an electromagnetic wave.
	The Principle of UV-Visible Spectroscopy is based on the absorption of ultraviolet light or visible light by chemical compounds, which results in the production of distinct spectra. Spectroscopy is based on the interaction between light and matter. Wh...
	When matter absorbs ultraviolet radiation, the electrons present in it undergo excitation. This causes them to jump from a ground state (an energy state with a relatively small amount of energy associated with it) to an excited state (an energy state ...

