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In several domains, transparent and conductive oxides (TCO) are exceptional materials. 

They are excellent candidates for use in photovoltaic and optoelectronic applications due to 

their dual property of electrical conductivity and optical transparency. Through a variety of 

methods, including radio frequency magnetron sputtering (PMRF), pulsed laser deposition 

(PLD), jet pyrolysis (PS), sputtering, sol-gel technique, and the Spray pyrolysis process, these 

materials (TCO) were deposited in thin layers [1]. 

Titanium dioxide is a cheap, non-toxic material and has high chemical and mechanical 

stability. 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 photo-catalysis, gas sensors, anti-reflective coatings, optical guides and optical 

waves. Several studies have been devoted to the doping of thin layers of TiO2 obtained by the 

sol-gel process. The presence of impurities in a matrix can stabilize, improve or modify the 

various properties of a material. Generally, thin layers of doped TiO2 give hope for significant 

performance gains, as well as new applications, because the size effect of dopants (nanocrystals, 

nanoparticles) strongly modify the different physico-chemical properties of TiO2 [2,3]. 

This work focused on the development and characterization of titanium oxide doped with 

Cesium (TiO2: Cs) in thin layers. The aim of this work is concerned with improving the structural, 

optical and electrical properties of TiO2 thin films during Cesium doping for photocatalytic applications. 

The manuscript is composed of three chapters and a general conclusion. 

In the first chapter we did a bibliographic research on transparent conductive oxides in 

general and we presented titanium dioxide, their properties and applications, then we talked 

about Cesium as a doping element. 

In the second chapter, we presented a description of some different deposition processes, 

which makes it possible to obtain thin layers and we precisely the Sol-Gel technique (spin- 

coating). A description of the various characterization techniques used in this work is also 

given. 

The third chapter is devoted to the experimental procedure of the preparation of the 

layers, and the discussion and interpretation of the results obtained. 
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In this chapter, we presented a literature study about transparent conducting oxide 

(TCO), and in particular we focused on the most popular transparent conducting oxide that 

namely titanium dioxide (TiO2). The brief and complete definition of TiO2, as well as its 

properties and certain areas of application is been clarified. 

 

I.1. Transparent conducting oxide (TCO) 
 

I.1.1. Definition 

Transparent conducting oxides (TCO) are electrically conductive materials with a 

relatively low amount of light absorption [1]. It is impossible for an intrinsically stoichiometric 

material to exhibit high optical transparency (more than 80% in the visible spectrum) and high 

electrical conductivity (about 103 Ω−1 𝑐𝑚−1 or more) at the same time. Partial transparency 

and fairly good conductivity may be obtained in thin films of a variety of metals. The only way 

to obtain good transparent conductors is to create electron degeneracy in a wide band gap 

(greater than 3 eV) oxide by controllably introducing non-stoichiometry and/or appropriate 

dopants. These conditions are very conveniently obtained in oxides of cadmium, tin, indium, 

zinc and their alloys in thin film form, prepared by a number of deposition techniques [2]. 

I.1.2. Applications of TCO films 
 

The properties of TCO demonstrated previously make it possible to envisage their use 

in numerous applications (Fig.I.1). The main uses of these materials are [3]: 

 Flat screens. 

 Frost protection window. 

 Heat-reflecting window (building, oven, etc.). 

 Electromagnetic protection. 

 Solar cells: as a front contact through which light must pass in order to enter the cell. 

For each application the TCO is chosen according to the manufacturing requirements and 

properties required for application. 
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Fig.I.1 Some application of TCO [4]. 

 
The preparation of transparent conducting oxide (TCO) thin layers for widespread use 

in the technological field of optoelectronic devices has attracted increasing interest in recent 

years. One of these outstanding, thoroughly researched transparent conducting oxide 

compounds with numerous uses in various fields is titanium oxide (TiO2) [5]. 

I.2. Titanium Dioxide 

I.2.1. Definition 

Titanium dioxide belongs to the chemical family of transition metal oxides [6] and It is 

a n-type semiconductor with a wide indirect energy band gap [7]. It has a particularly high 

refractive index and its insensitivity to visible light, due to its wide indirect band gap (3.2 eV) 

only allows it to absorb in the near ultraviolet. It has a very high scattering coefficient for the 

visible light spectrum with no absorption zone [6], (see Fig.I.2). 

 
                                      Fig.I.2 Spectrum of light with the action zone of TiO2 [6]. 
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Table.I.1 Characteristics of titanium dioxide in the macroscopic state [8,9]. 

 

IUPAC name Titanium dioxide 

Chemical formula TiO2 

Molar mass 79.890 𝑔. 𝑚−1 

Volumetric mass 3.9 to 4.3  𝑔. 𝑐𝑚3 

Solubility Insoluble in water/organic solvents 

Melting temperature 1855°C 

Atomic radius (nm) 
0.146 nm for (Ti) 
0.066 nm for (𝑂) 

 
Ionic radius (nm) 

0.064 nm for (𝑇𝑖+4) 

0.14 nm for (𝑂−2) 

 

 
I.2.2. Choice of Titanium dioxide 

Titanium dioxide (TiO2) is one of the most alluring materials for experimental study 

due to its significance in science and technology [9]. Due to its optical, physical, chemical, and 

electrical characteristics, such as their good visible light transmittance, photocatalytic activity,  

high dielectric constant, high refractive index, and high chemical stability, an inexpensive and 

non-toxic, titanium dioxide (TiO2) thin films have received a lot of interest. These 

characteristics are highly influenced by TiO2 's micro-/nanostructure and crystallinity [7]. 

I.2.3. Titanium Dioxide properties 
 

I.2.3.1. Structural properties 

As is well known, TiO2 has three primary crystalline forms at atmospheric pressure: 

Brookite, Anatase and Rutile. Due to its instability, Brookite, one of three crystalline phases of 

TiO2, is rarely used in real-world applications. In contrast, anatase and rutile have received the 

most research attention [10]. 

 Rutile phase 

The rutile TiO2 structure, whose unit cell is quadratic, is described as a compact 

hexagonal stack of oxygen atoms in which one out of two octahedral sites is occupied by a Ti+4 

ion. In its stoichiometric form, the Bravais lattice is tetragonal and contains six atoms per cell.  

Its crystal parameters are a = 0.45937 nm and c = 0.29581 nm. It is the densest form of titanium 
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dioxide, stable at high temperatures and high pressures. When stoichiometric, rutile TiO2 

insulated with a band gap of about 3 eV. However, deviations from stoichiometry can be 

obtained by annealing at high temperature (> 500°C) under ultra-high vacuum or under a 

reducing atmosphere and by interaction with a beam of charged particles (electrons or ions). 

Point defects appearing either in the form of interstitial titanium ions (major defects in the 

case of low sub-stoichiometries), or in the form of oxygen vacancies are then created, which 

makes the oxide n type semi-conductor [11]. 

 Brookite phase 
 

Brookite has a crystal structure of orthorhombic symmetry, of a D2h symmetry group, it 

comprises eight molecules per cell. Its lattice parameters are: a = 0.54558 nm, b = 0.91819 nm 

and c = 0.51429 nm. This structure is more complex than the two other, more abundant phases 

(anatase and rutile). It is an intermediate phase of the transformation from anatase to rutile, it is 

also metastable [12]. Brookite transforms into rutile at high temperatures higher than 750°C. It 

shares almost the same properties as rutile, such as: color, hardness and density but it is less 

common and rarely used commercially [13]. 

 Anatase phase 
 

It is a form of natural titanium oxide, which is encountered less frequently. It has a wide 

range of hues, from almost colorless to brown, passing through greenish. The unit cell of anatase 

is also of tetragonal symmetry with the parameters a = 3.7710 and c=9.430 whose ratio 𝑐⁄𝑎 = 

2.5134, except that the interatomic distances in the crystal are very slightly shortened compared 

to rutile: four short (1.933 Å) quasi-equatorial bonds and two long (1.978 Å) apical bonds for 

each titanium atom. Oxygen atoms are trivalent with two short bonds and one long bond [14]. 
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Phase Rutile Anatase Brookite 

 

Crystal structure Tetragonal Tetragonal orthorhombic 

 
 

Lattice constants (Å) a=4.594, c=2.958 a=3.784, c=9.515 a=9.182, b=9.19, c=5.143 

Molecule/cell  2  4  8 

(Volume/molecule)(Å𝟑) 31.2160 34.061 32.172 

Density(g/𝒄𝒎𝟑) 4.13 3.79 3.99 

Ti-O bond length (Å) 1.949 (4), 1.980 (2) 1.937 (4), 1.965 (2) 1.87⁓2.04 
 

 

I.2.3.2. Optical properties 

a. Refractive index 

The refractive index n of the various types of titanium oxide is high in the visible range. Rutile 

has the greatest index (n ∼ 2.66) of the three stable crystalline phases, surpassing that of the 

anatase type (n ∼ 2.54). This makes the Rutile phase a popular white pigment for the industry, 

along with a high visible light scattering coefficient [16]. 

b. Optical gap 

TiO2 is described as having a large prohibited band (band-gap) and being a 

semiconductor material. Rutile, Anatase, and Brookite all have gaps that are 3 eV, 3.2 eV, and 

3.1 eV, respectively. Between the valence band (which corresponds to the O 2p orbital) and the 

conduction band (which corresponds to the orbital Ti 3d), there is a band gap (Eg). These gap 

values result in transitions that correspond to ultraviolet-range photons. TiO2's transparency in 

the visible spectrum combined with an absorption edge around 0.42 μm causes a significant 

absorption in the ultraviolet, giving it exceptional qualities including UV radiation protection 

[17]. 

Table.I.2 Crystal structure data of TiO2 [15]. 
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I.2.3.3. Electronic properties 

Titanium dioxide is a semiconductor n type. The 2p orbitals of oxygen atoms dominate 

the energy levels at the top of the valence band (hence the notation 𝑃𝜋), whereas the 3d orbitals 

of titanium atoms dominate the energy levels at the bottom of the conduction band (hence the 

notation d). The interactions that shape the various chemical orbitals in anatase are detailed in 

figure.I.3. Dotted lines indicate weak contributions, whereas solid lines indicate substantial 

contributions [18], (see Fig.I.3). 

 

 

Fig.I.3 Schematic electronic structure of TiO2 anatase, (a) atomic levels, (b) bursting of the 

levels under the effect of the crystalline field, (c) levels of interactions [18]. 

 
I.2.4. Non-Stoichiometric 𝑻𝒊𝑶𝟐−𝒙 Thin Films 

The semiconducting properties of non-stoichiometric titanium dioxide are very 

dependent on the extent of the oxygen deficiency in the film. The conductivity mechanism in 

undoped TiO2 relies on a deficiency of oxygen atoms in the material. These oxygen deficiencies 

behave like n-type defects, with a typical density of 1018 – 1019 𝑐𝑚−3. As the stoichiometry 

departs from the ideal Ti:O ratio of 1:2, several changes in the film result. Due to the increased 

number of oxygen vacancies, the optical absorption in the visible can dramatically increase for 

these films [19]. 
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𝑇𝑖𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒− ⟷ (𝐿𝑖+)𝑥𝑇𝑖𝑂2 (I.1) 

Colorless blue 

 

I.2.5. Applications of Titanium Dioxide 

In recent years, there has been a growing interest in preparing the transparent conducting 

oxide (TCO) thin films for a wide application in the technological field. Among them, titanium 

dioxide (TiO2) is one of the remarkable transparent conducting oxide investigated compounds 

with many applications in different domain such as: dielectric materials, gas sensors, electro- 

chromic systems, planar waveguides, antibacterial, antireflection coatings, solar cells and 

photo-catalysts [5]. 

I.2.5.1. Application in electrochromic systems 

Subjected to an electric field, electrochromic materials have the property of reversibly 

changing color. These systems therefore make it possible to modulate the transmission of the 

luminous flux. This property results from the change in oxidation state of the metal cations that 

make up the oxide. Depending on whether the structure of the thin layer of TiO2 is amorphous 

or crystalline, the light transmission will be modulated either by absorption or by reflection. In 

fact, the structure of electrochromic devices is complex. They are formed by the superposition 

of three coatings sandwiched between two conductive glass plates. The variation in optical 

transmission is generally due to the coloring of the electrochromic layer during the insertion of 

H+ or Li+ cations, which corresponds to an oxide of mixed valence depending on the reaction: 

 

 

Electrochromic materials therefore have a mixed conduction (ionic and electronic). 

Their properties depend more particularly on the nature of the phase, the degree of crystallinity, 

the water content. These different parameters are controlled by the conditions of elaboration of 

the thin layers. Given the advantages of the sol-gel method and the flexibility of its processes, 

it is suitable for synthesizing this type of material [20]. 

I.2.5.2. Applications photovoltaic 

By converting light energy into electrical energy and taking advantage of the 

photovoltaic effect that occurs at the junction of a semiconductor, photovoltaic conversion is 

positioned as a promising alternative to fossil fuels in the global context of the development of 

renewable energies. The latter does two tasks: it absorbs solar energy and separates electric 

charges by producing an electron-hole pair. For this to happen, the semiconductor needs to be 

very pure and free of lattice defects; otherwise, the pair will recombine right away, even before 
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the electron and hole have a chance to separate. Because of this, creating this kind of material 

is highly expensive. Michael Grtzel made a significant discovery relating to the usage of TiO2 

in photovoltaics. Only the monolayer of dye molecules in contact with TiO2 is capable of 

absorbing light. Barely 1% of the incident light is absorbed on a flat surface. Use a TiO2 coating 

made of TiO2 nanoparticles to improve absorption (Fig.I.4). The roughness of the surface is 

substantially higher. Thus, while in contact with the electrolyte, more molecules can be 

adsorbed onto the TiO2 surface. When exposed to an irradiation energy of 75 mW, the 

conversion efficiency 𝜂 is greater than 7% [21]. 

 

Fig.I.4 Gratzel nanocrystalline photovoltaic cell [21]. 

 

I.2.5.3. Gas sensors 

At the beginning of the 1960s, there was the discovery of oxide semiconductors which 

were capable of detecting gases. A component is considered a gas sensor if at least one of its 

physical characteristics changes when exposed to a change in the gaseous environment. 

A sensor typically consists of two basic components: the sensitive element, which is over the 

reaction with the gas space passes, and the transducer, which is a mechanism that enables the 

conversion of the reaction's output into a signal that can be easily monitored. The electrical 

conductivity of a metal oxide changes as it comes into contact with a new gaseous environment, 

and this variation forms the basis of the detecting mechanism. One of the oxide semiconductors 

employed is TiO2, which is particularly useful when doped with impurities because of its 

improved sensitivity to gases like oxygen gas [8]. 
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I.2.5.4. Photocatalytic applications 

The term photocatalyst is a combination of two words: The word photo, which has to 

do with photons, and a catalyst, which is a chemical that affects the rate of a process when it 

is present. As a result, photocatalysts are substances that, when exposed to light, alter the rate 

of a chemical reaction. The term "photocatalysis" refers to the chemical reactions that use 

light and a semiconductor. In essence, all photocatalysts are semiconductors. A 

semiconducting substance will produce an electron-hole pair when exposed to light in a 

process known as photocatalysis. The photocatalysis can be classified into two categories [22]: 

 Homogeneous photocatalysis: When the semiconductor and reactant are both in the same 

phase (gas, solid, or liquid). 

 Heterogeneous photocatalysis: When both the semiconductor and reactant are in different 

phases. 

In semiconductors, the distance between the position of the valence band (VB) and the 

conduction band (CB) determine the ability of the semiconductor material in the light 

absorption process and its oxidation-reduction ability (Fig.I.5). In general, the photocatalytic 

reaction of TiO2 includes several basic processes. This process must be thoroughly observed to 

understand the workings of TiO2 photocatalysts and is useful for the development of new 

photocatalysts [22]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          Fig.I.5 Schematic diagram of TiO2 photocatalytic principle [22]. 
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2 

𝑇𝑖𝑂2 + ℎ𝜐 ⟶ 𝑇𝑖𝑂2 + (𝑒− + ℎ+) (I.2) 

ℎ𝜈𝑈𝑉+ 𝐻2𝑂 ⟶ 𝑂𝐻− + 𝐻+ 

ℎ+ + 𝑂𝐻− ⟶ 𝑂𝐻• 

(I.3) 

(I.4) 

𝑒− + 𝑂2 ⟶ 𝑂−• 2 

𝑂−• + 𝐻+ ⟶ 𝐻0• 2 2 

2 

𝐻2𝑂2 + ℎ𝑢𝑢𝑣 ⟶ 2𝑂𝐻• 

2 𝐻0• ⟶ 𝐻2𝑂2 + 𝑂2 

(I.5) 

(I.6) 

(I.7) 

(I.8) 

 

1. Mechanism of photocatalytic activity 

Since it is an appealing method for the total elimination of unwelcome contaminants 

(pollutants) in both the liquid and gaseous phase by employing solar or artificial light 

irradiation, TiO2 heterogeneous photocatalysis has been the focus of numerous studies in recent 

years [23]. The photocatalytic process is schematized for the case of TiO2 in the (Fig.I.6), whose 

main actions are as follows: 

A. Excitation of 𝐓𝐢𝐎𝟐 

The primary photochemical act, subsequent to near-UV light (wavelengths <400 nm) 

absorped by TiO2 particles, is the generation of electron–hole pairs where the separation (I.1) 

into conduction band electrons (𝑒𝐶𝐵
− ) and valence band holes (ℎ𝐵𝑉

+ ) [24]: 
  

 

B. Oxidation of water and hydroxides 

The second step is linked to the formation of the hydroxyl radical 𝑂𝐻•. Indeed, an 

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

positive hole (ℎ+). The holes react with electron donors such as 𝐻2𝑂 and hydroxide ions (𝑂𝐻−), 

resulting from the ionization of water, to form the hydroxyl radical 𝑂𝐻•according to the 

reactions (I.2) and (I.3) [12]: 

C. Reduction of oxygen 

The step occurring simultaneously with the previous one concerns the formation of the 

hydroperoxyl radical 𝐻0• . This is due to electrons reacting with dissolved oxygen 𝑂2 to form 

superoxide radicals 𝑂−• and protonation of the latter gives rise to the hydroperoxyl radical 𝐻0• . 
2 2 

This step is schematized by the reactions below [12]: 
 

D. Degradation of pollutants 

The phenomena of pollutant degradation are the last stage of this photo-catalysis 

mechanism. As shown by reaction (I.8), the produced hydroxyl radicals also take part 
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𝑂𝐻• + 𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 ⟶ 𝐶𝑂2 + 𝐻2𝑂 (I.9) 

 

in pollutant degradation [12]: 
 

 

2. Recombination of electron-hole pairs 

We must also consider the electron-hole recombination reaction in the volume of the 

particle or on the surface: 

 
The rate of formation of electron-hole pairs under the impact of photons depends on the 

intensity of the incident light and the optical and physical properties of the photocatalyst [25]. 

 
3. Influence of impurities in the TiO2 film on the photocatalytic activity 

 

Impurities in the 𝑇𝑖𝑂2 layer can play a beneficial role in photocatalytic activity, when 

their concentration is controlled. The effect of impurity insertion into the 𝑇𝑖𝑂2 layer was studied 

by Park et al. The authors tested the photocatalytic activity of thin layers of TiO2 produced by 

the sol-gel technique and doped with low valence cations, 𝐹𝑒+3, 𝐶𝑜+2, 𝑁𝑖+2 and high, 𝑀𝑜+5, 

𝑁𝑏+5. The photocatalytic activity of 𝑇𝑖𝑂2 for the conversion of trichlorethylene vapors is 

significantly higher when the catalyst is doped with Mo, Nb and W rather than with Fe, Co and 

Ni. This difference may come from the high crystallinity of the samples doped with the high 

valence cations [26]. Le et al reported that incorporation of donor and acceptor species directly 

affects electronic structure and in turn, reactivity of photocatalyst. The doping reduces the band 

gap of photocatalyst, i.e. dispersion of the CB and VB of photocatalysts shows a positive effect 

after doping. The addition of dopants in photocatalyst exhibits enhanced performance because 

it avoids electron-hole recombination and extends sensitivity towards a broad range of spectrum 

[27]. 

4. Degradation of dye pollutants 

The removal of non-biodegradable organic dyes and other chemicals from the 

environment is a central ecological problem. Dye molecules are not degraded easily due to the 

complex aromatic structure and xenobiotic properties. Thus, it is necessary to develop different 

effective treatment methods and techniques for the removal of these toxic dye contaminants. 

Recently semiconductor photocatalysts also termed as heterogeneous photocatalysts have been 

used as a promising method for the removal of carcinogenic contaminants from industrial 

effluents since they not only degrade but also cause complete mineralization of pollutants to 

ℎ+ + 𝑒− ⟶ 𝐻𝑒𝑎𝑡 (I.10) 
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𝐻2𝑂, 𝐶𝑂2 and mineral acids. Different semiconductor metal oxides have been used, including 

𝑇𝑖𝑂2, ZnO, 𝐹𝑒2𝑂3, 𝑃𝑏𝑂2, 𝑆𝑛𝑂2, 𝑆𝑏2𝑂5, etc [17]. 

5.Advantages of photocatalysis 

Photocatalysis has several advantages among which we can mention [28]: 

 Good dye destroying technique. 

 Total mineralization possible: formation of 𝐻2𝑂 and 𝐶𝑂2 and other species. 

 It operates at ambient temperature and pressure. 

 Catalyst used non-toxic, active in different physical forms, inexpensive. 

 It requires low energy consumption. 
 

I.2.6. Kinds of doped semiconductors 

Semiconductor doping simply means the purposeful introduction of impurities or dopant 

into an extremely pure semiconductor. This is because as the band gap of a material increases 

it becomes difficult to dope them in regular (p and n type) semiconductors [29], (see Fig.I.6). 

 n type semiconductor 

An intrinsic semiconductor with added donor-type impurities is a typical semiconductor 

(n). Because they have an excess of electrons, the materials that result from this process are 

known as n-type semiconductors. A pseudo-energy level immediately below the conduction 

band appears as a result of the addition of electron-donor atoms. As a result, compared to an 

inherent semiconductor, the energy required for the electrons to transit through the conduction 

band is significantly easier to get [13]. 

 p type semiconductor 

These are semiconductors in which acceptor impurities have been voluntarily added. 

Similar to how valence electrons must be supplied with energy to pass on this acceptor level,  

the introduction of electron-acceptor atoms results in the emergence of a level above the band, 

and the electrons' departure causes the creation of holes in the valence band [13]. 
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Fig.I.6 Illustration of n and p type semiconductor [30]. 

 

 

I.2.6.1. Elements doped Titanium dioxide 

Titanium dioxide 𝑇𝑖𝑂2 can be used pure or doped with metals or metal oxides. It has 

been shown in some cases that doping gives rise to an increase in its photoactivity and improves 

its electrical and magnetic properties. The determining parameters that can influence the 

properties of the doped materials are: the method of synthesis, the concentration, the nature of 

the dopant and the heat treatment [31]. 

 Cation doping with transition metals 

The doping of 𝑇𝑖𝑂2 dioxide with transition metals is one of the most important 

approaches and several works have been carried out with different metals: iron (III), zirconium, 

cerium, manganese, chromium and cobalt, tungsten, silver. 

Several authors report that this type of cationic doping decreases the energy threshold of 𝑇𝑖𝑂2 

by reducing the width of its forbidden band. However, the majority of works adhere to the fact 

that these doping increases the recombination of charges [21]. 

 Anion doping with non-metals 

It was at the beginning of the 1990s that the first report on anionic doping was carried 

out by Sato et al., using nitrogen, evaluated on the basis of calculations of densities of states, 

the effect of all the non-metallic dopants already mentioned. They concluded from these 

calculations that nitrogen doping is the most effective among all other non-metallic dopants 

[21]. 
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I.2.6.2. Choice of Cesium as a doping element 

TiO2 is one of the most studied semiconductor materials, as is evident from more than 

50000 papers published over the past 40 years on this material (with a still strongly increasing 

publication rate over the past decade) [32]. Many studies had been attributed to the doping of 

transition metals into TiO2 thin films such as Nb, Al, Fe, Ga. Studies on doping processes are 

not limited to these, but there are also studies reported by various researchers using different 

elements. Doping transition metal is one of the most effective and simplest routes to improve 

the properties of TiO2 thin films, because the transition metals can modify the energy band gap 

and introduce charge traps for photo-generated carrier. The research about Cesium doping TiO2 

thin films is considered few. For harvesting optoelectronic properties of (TiO2: Cs), we have 

chosen Cs as dopants for two reasons: (1) As the ionic radii of Cs+ is 0.165 nm comparing to 

that of Ti+4 (0.061 nm), (2) its availability and nontoxicity. Cs element has +1 valence state, 

therefore, they can provide three extra electrons when bonded with the divalent 𝑇𝑖𝑂2 

structure. 
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This chapter has been divided into three parts. The first part is devoted to the definition 

and mechanism of thin films formation. In the second part, a description was given of the 

various techniques for depositing thin layers and in particular the Sol gel process. In the last 

part, we presented the principle of the deferential methods used to characterize thin layers. 

 

II.1. General concept of thin films 

II.1.1. Definition 

In principle, a thin layer of a given material is the material deposited on a support called 

a substrate, one of the dimensions (thickness) of this deposit has been greatly reduced so that it 

is expressed in nanometers [1]. This small distance between the two boundary surfaces of the 

material leads to a disturbance of the physical properties along this dimension [2]. 

II.1.2. Difference between bulk state and thin film of the material 

The essential difference between the material in the bulk state and that in thin layers is 

that in the bulk state one generally neglects with good reason in the role of the limits in the 

properties, while in a thin layer they are, on the contrary, the effects related to boundary surfaces 

which are preponderant. It is quite obvious that the lower the thickness, the greater this two- 

dimensional effect. However, when the thickness exceeds a certain threshold, its effect will 

become minimal and the material will regain the well-known properties of solid material [3]. 

II.1.3. Relation between thin layer and substrate 

The second essential characteristic of a thin layer is whatever the procedure used for its 

manufacture, a thin layer is always attached to a substrate on which it is built. Consequently, it 

will be imperative to take into account this major fact in the design, namely that the support has 

a very strong influence on the structural properties of the layer. Thus, a thin layer of the same 

material of the same thickness may have substantially different physical properties depending 

on whether it is deposited on an amorphous insulating substrate such as glass, or a 

monocrystalline silicon substrate for example [4]. 

II.1.4. Thin film modes and growth mechanisms 

All processes for the production of thin films are carried out in three stages: 

a) The production of appropriate ionic, molecular, atomic species 

b) The transport of these species to the substrate 

c) Condensation on this same substrate is done either directly or by through a chemical or 

electrochemical reaction to form the solid deposit. This step often goes through three phases: 
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nucleation, coalescence then growth [1]. 

   Nucleation 

The islands formed develop by collisions with atoms on the surface of the substrate. 

Upon reaching their critical size corresponding to a maximum free energy, the islands absorb 

other atoms and the subcritical islands, it is nucleation. 

   Coalescence 

A first stage of coalescence corresponds to the growth of stable islands by absorption of 

the smallest by the largest. This stage differs from a second, faster stage of large-scale 

coalescence where the islands, having reached a critical density, flatten out to increase their 

surface area and join together. If the probability that all the islands on the substrate are of the 

same orientation is low, the coalescence produces a polycrystalline deposit, otherwise a thin 

monocrystalline layer develops [3]. 

   Growth 

Once the coalescence of the islands is complete, the addition of material allows the 

layers to develop in thickness after a slow filling of the empty channels. The growth can be 

two-dimensional or three-dimensional depending on the relative values of the interaction 

energies atom-atom of the film and atom of the film-atom of the substrate. In a simple approach, 

we classify the growth of thin films on a substrate into three categories [5] (see Fig.II.1): 

a) The island type (called Volmer-Weber). 

b) The diaper type (called Frank-van der Merwe). 

c) The mixed type (called Stranski-Krastanov). 
 
 

Fig.II.1 Thin film growth modes [6]. 
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II.1.5. Thin film deposition procedure 

All thin film deposition processes contain four successive steps, as shown in Fig.II.2. 

The source which constitutes the basic material of the thin film to be produced can be a solid, 

a liquid, a vapor or a gas. When the material is solid, its transport to the substrate takes place 

by vaporization. This can be achieved by thermal evaporation, electron gun, laser ablation or 

positive ion 'sputtering'. All of these methods are classified under the name of physical vapor 

deposition PVD. The solid source is occasionally transformed into vapor by chemical means. 

In other cases, the base material is in the form of a gas or a liquid have the sufficient vapor 

pressure to be transported at moderate temperatures. Processes that use gases, evaporated 

liquids or chemically evaporated solids as a base material are known as chemical vapor 

deposition (CVD) "Chemical vapor deposition" [5]. 

 
 

Fig.II.2 Diagram of the steps of the thin film manufacturing process [5]. 

 

II.1.6. Application of thin films 

In today's society, thin films are used in a wide range of products, including mirrors, 

cutting tools, eyeglasses, microelectronics, window glass, and solar cells. It is very significant 

and important for a wide range of industrial applications and can satisfy a very broad range of 

needs for certain industrial or scientific applications. Although thin film technology has made 

incredible strides. Wear, corrosion, and resistant coatings are a few of the crucial applications; 

nevertheless, the choice of a specific method for the deposition of thin films can be based on a 

number of factors. Thin films are typically utilized when it is necessary to improve or alter the 

surface qualities of an object (substrate) by adding to or altering its usefulness [7]. 
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II.1.7. Thin films depositions techniques 

Thin layers can be made using a wide variety of techniques due to the diversity of 

applications for this material. These techniques are generally classified into two broad 

categories: chemical methods and physical methods. Fig.II.3 below mentions some of them: 

 

 

 
 

 
 

 

 
Evaporation techniques 

 

 

 
Sputtering techniques 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Fig.II.3 Different methods of thin films deposition techniques [8]. 

 
II.2. Sol gel technique 

In this part, we will describe the basic principle which was used in the development of 

our samples namely "Sol-Gel" route of thin layers of doped titanium oxide, followed by an 

exhaustive reminder of the technique of spin coating deposit thanks to which we were able to 

deposit our thin layers. 

II.2.1. Definition 

Before going into the details of the sol gel process, it is necessary to recall a few 

definitions: 

Sol: A "Sol" state can be defined as a stable dispersion of species within a solvent. 
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• obtained from metallic salts (chlorides, nitrates, oxychlorides) in 

aqueous solution. This route is inexpensive but difficult to control, 

Inorganic or 
colloidal route 

which is why it is still very little used. However, it is the preferred 

way to obtain ceramic materials. 

Metallo-organic 
or polymeric 

route 

• obtained from metal alkoxides in organic solutions. This route is 

relatively expensive but allows fairly easy control of the particle size. 

Fig.II.4 The precursors of sol 
gel. 

 

A dispersion of colloidal particles or molecular entities of a size which must be small enough 

so that the forces responsible for the dispersion (Brownian motion, Van der Waals interaction) 

are not overcome by gravity. The aggregation or polymerization of these precursors leads to the 

formation of an interconnected and stable three-dimensional network, called gel. 

Gel: A gel is defined as a two-phase system in which the solvent molecules (water: aquagel or 

hydrogel, alcohol: alcogel) are trapped in the solid network. The "gel" phase is therefore a solid, 

amorphous, three-dimensional interconnected network, included in a liquid phase (swollen by 

a solvent) in a stable manner and containing sub-micrometric pores [9]. 

II.2.2. Basic idea of the sol-gel process 

The basic idea of the sol-gel process, which is the abbreviation of Solution-Gelification, 

consists in hydrolysing a precursor of the solution using the humidity of the air, in order to 

obtain a sol (suspension of small macromolecules of a size less than 10 nm). The gel 

(elastoplastic amorphous solid, formed by a three-dimensional reticulated network) is obtained 

by polymerization of the sol. A thermal drying pretreatment at a temperature close to 100°C, 

followed by thermal annealing at an appropriate temperature, makes it possible to densify this 

gel, thus leading to a solid material [10]. 

II.2.3. Precursors 

A precursor is a chemical reagent which makes it possible to initiate the reaction: it is 

often an alkoxide (alkoxide of formula 𝑀(𝑂𝑅)𝑛: where M is a metal, for example Zn, Al…, 

and R an organic alkyl group 𝐶𝑛𝐻𝑛−1) or else a metallic salt. Sol-gel synthesis routes [1]: 
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𝑀(𝑂𝑅)𝑛 + 𝐻2𝑂 ⟶ 𝐻𝑂 − 𝑀(𝑂𝑅)𝑛−1 + 𝑅𝑂𝐻 (II.1) 

(𝑅𝑂)𝑛−𝑥𝑀(𝑂𝐻)𝑥 + 𝑀(𝑂𝑅)𝑛 ⟶ (𝑅𝑂)𝑛−𝑥(𝑂𝐻)𝑥−1𝑀 − 𝑂 − 𝑀(𝑂𝑅)𝑛−1 + 𝑅𝑂𝐻 (II.2) 

 

II.2.4. Reaction mechanisms 

The detail of the different stages of formation of the oxide will then make it possible to 

understand the role of each constituent of the solutions developed. The sol-gel process is based 

on two reactions: hydrolysis and condensation. 

II.2.4.1. Hydrolysis 

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

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

–OH: 
 

 

 Hydrolysis is a nucleophilic substitution of an –OH ligand for an –OR ligand. It is 

accompanied by the consumption of water and the release of alcohol. During this step, the 

functionality of the precursor is created with respect to what is called polycondensation [11]. 

II.2.4.2. Polymerization 

Polymerization often begins before hydrolysis is completely complete. The 

phenomenon is complex because four mechanisms (alcoxolation, oxolation, alcoholation, and 

olation) can compete for polymerization. The relative importance of each of the mechanisms 

depends on the experimental conditions. 

A. Polycondensation 

First of all, the hydroxyl group formed during hydrolysis is much better nucleophilic 

than the alkoxide group. It follows that the hydroxyl group reacts by nucleophilic substitution 

with a mechanism analogous to hydrolysis. It will form a M-O-M bridge with a temporary 

increase in the coordination of the metal. Two mechanisms then enter into competition: 

alcoxolation and oxolation. 

i. Alcoxolation 

This reaction occurs between two metal alkoxides, only one of which has been partially 

hydrolyzed: 

 

 

Its reaction mechanism is similar to that of hydrolysis. 
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(𝑅𝑂)𝑛−𝑥𝑀(𝑂𝐻)𝑥 + (𝑅𝑂)𝑛−𝑦𝑀(𝑂𝐻)𝑦 ⟶ (𝑅𝑂)𝑛−𝑥(𝑂𝐻)𝑥−1𝑀 − 𝑂 − 𝑀(𝑂𝐻)𝑦−1(𝑅𝑂)𝑛−𝑦 + 𝐻2𝑂 

(II.3) 

2𝑀(𝑅𝑂)𝑛𝑀 − 𝑂𝑅 − 𝑀(𝑅𝑂)𝑛−1 (II.4) 

𝑀(𝑅𝑂)𝑛(𝐻𝑂)𝑥𝑀(𝑅𝑂)𝑛−𝑥 ⟶ (𝑅𝑂)𝑛𝑀 − 𝑂𝐻 − 𝑀(𝑂𝑅)𝑛−𝑥(𝑂𝐻)𝑥−1 (II.5) 

 

ii. Oxolation 

This mechanism occurs between two partially hydrolyzed alkoxides: 
 

 

The mechanism remains the same except that the leaving group is a water molecule. Like 

hydrolysis, polycondensation reactions do not increase the coordination of metal centers [12]. 

B. Coordination polymerization 

These mechanisms take place when the coordination of the metal is not satisfied in its 

alkoxide form (N-Z ≠ 0), where N is the maximum coordination number of the metal cation 

and Z the degree of oxidation of the metal in the alkoxide. In this case and provided that the 

steric hindrance due to the ligands allows it, an M-OX-M bridge can be formed. There too, two 

mechanisms compete: alcoholation and olation. It is a simple nucleophilic addition between a 

negatively charged OR (alcoholation) or OH (olation) group and a positively charged metal 

center. 

i. Alcohol 

It does not need hydrolysis to set up: 
 

 

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

polymerization by forming oligomers before adding water. Before the hydrolysis step begins, 

it is generally difficult to form molecules with large masses, this reaction being highly sensitive 

to the steric hindrance of the system. 

ii. Olation 

It requires a hydrolysis of the prior alkoxide of a metal alkoxide: 
 

 

The relative importance of each contributor's contributions greatly influences the 

structure and morphology of the oxide that results from these reactions. These contributions 

can be improved by changing the experimental parameters that are related to the network's 

internal (the nature of the metal atom and alkyl groups, the structure of the molecular 

precursors, and the reactivities of the alkoxides) and external (the rate of hydrolysis and 

complexation, the catalyst's properties, the concentration of the metal alkoxide, the solvent, and 
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the temperature) parameters [13]. 
 

II.2.5. Parameters influencing reaction kinetics 

 

The most important influences are mentioned in Fig.II.5 [14]: 
 

 

 
Temperature 

 

 

 

Influence of pH 

• It has an influence on the hydrolysis and 
condensation rates as soon as the soil is prepared, 
then during aging or storage. Obviously, the 
higher it is, the faster the reactions. 

 

• An acidic pH accelerates hydrolysis and slows 
down condensation unlike a basic pH. A high rate 
of hydrolysis (acid pH) therefore promotes the 
growth of the network and leads to a polymer 
solution. 

 

 

 
The choice of alkoxide and 

its concentration 

• This choice is made according to the reactivity 
of the alkoxide, and the type of sample that one 
wants to develop. As for the concentration in the 
ground, it is especially important during 
condensation; in fact, the weaker it is, the further 
apart the molecules capable of binding are, 
which delays the reactions. 

 

 

Fig.II.5 Parameters influencing reaction kinetics. 

 
 

II.2.6. Advantages of sol gel technique 
 

There are other methods for creating thin films, but the sol-gel technique offers the best 

chances for producing homogenous, large-area oxide films at cheap cost, low crystallization 

temperature, and high vacuum-free conditions [15]. It provides low energy costs, high purity 

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

operation, and simplicity of equipment and ease of material implementation [16]. Additionally, 

using this strategy makes it simpler to incorporate dopants. Therefore, this method is 

appropriate for cutting-edge research [17]. 

II.2.7. Densification of thin layers 
 

The gel deposition and formation step is followed by two other operations: drying and 

annealing. Drying was done to remove almost all of the solvent. After drying, the gel undergoes 

an annealing heat treatment intended to transform it into a dense ceramic film. 
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a. Drying thin layers 

The drying of the deposited layer is a very important step in the production of quality 

materials; it corresponds to the evaporation of residual solvents by diffusion through the pores 

[15]. 

b. Annealing of thin layers 

The heat treatment or annealing, allows on the one hand the elimination of the residual 

organic species after drying, and on the other hand the densification of the material by 

crystallization. It is only after annealing that the desired material can be obtained. Indeed, after 

drying, the organic groups of Alkyl type (-OR-) are still present in the deposited film. Only 

annealing can eliminate them (Fig.II.6). Annealing’s are generally carried out at temperatures 

between 300°C and 1400°C depending on the type of substrate [14]. 

 

Fig.II.6 Influence of drying and annealing on the porosity of thin layers [15]. 

 

II.2.8. Different sol gel processes 

The two best-known processes for producing thin layers with control of the deposited 

thickness are dipping-shrinking (dip coating) and spin-coating (spin coating). Both are used at 

ambient temperature and pressure. The thicknesses of the films are controlled by varying the 

deposition rate [1]. 

II.2.8.1. Dip coating process 

Dip coating designates the deposition of a wet liquid film by withdrawal of a substrate 

from a liquid coating medium. The process of film formation in total implies several technical 

stages as demonstrated in Fig.II.7, but nevertheless the underlying chemical and physical 

processes are mostly overlapping. Starting with the immersion of the substrate, a coherent liquid 

film is entrained on the withdrawal of the substrate from the coating fluid, which then 

consolidates by drying and accompanying chemical reactions. To obtain the final coating 

material, normally a further curing or sintering step (post-treatment) is then necessary [16]. 
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Fig.II.7 Fundamental stages of sol-gel dip coating [16]. 

 

II.2.8.2. Spin Coating process 

a. Definition 

Spin coating is a batch procedure in which a liquid layer is applied on a revolving 

substrate using centrifugal force [16]. In a typical procedure, a small puddle of fluid resin is 

applied to the middle of a substrate, and the substrate is then spun rapidly (usually at a speed of 

roughly 3000 rpm). A thin resin film will form on the surface as a result of the resin spreading 

to and eventually departing the substrate's edge due to centrifugal force. The type of resin 

(viscosity, drying rate, percent solids, surface tension, etc.) and the spin process parameters that 

are selected will determine the final film thickness and other attributes. The qualities of coated 

films are characterized in terms of final rotational speed, acceleration, and fume exhaust [17]. 

b. Key stages of spin coating 

Bornside, Macosko, and Scriven (1987) and Scriven (1988) offer a fantastic explanation 

of the spin-coating procedure. They outline the deposition, spin-up, spin-off, and evaporation 

phases of spin coating (Fig.II.8). The substrate is often raised to its final rotation rate in a 

fraction of a second. Deposition and spin-up happen swiftly. Concurrently, spin-off and 

evaporation take place [18]. 
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Fig.II.8 Key stages of spin coating process [19]. 

 
 

1. Deposition 

At this stage, the substrate is accelerated to the necessary speed while the solution is 

allowed to fall onto rotating substrates from micro syringes. Due to centrifugal force, the 

solution spreads and its height is lowered to a critical level. At this stage, a piece of the 

substrate's surface is quickly covered or "wetted" with an excess of the liquid to be coated. The 

amount of liquid that may be deposited through excessive, regardless of the method, is 

limited, and this stage terminates when distribution stops. 

2. Spin up 

The substrate is accelerated in the second step to reach its desired, ultimate rotation 

speed. During this step, the rotational motion of the wafer typically causes forceful fluid 

expulsion from the wafer surface. Spiral vortices may temporarily exist during this stage due to 

the initial depth of fluid on the wafer surface; these would develop as a result of the twisting 

motion brought on by the inertia that the top of the fluid layer exerts while the wafer below 

rotates faster and faster. Eventually, the fluid becomes so thin as to rotate entirely with the 

wafer, erasing all traces of fluid thickness variations. When the fluid is thin enough and the 

wafer has reached its ideal speed, the viscous shear drag precisely balances the rotating 

accelerations [19]. 

3. Spin off 

In the third stage, fluid viscous forces predominate over fluid thinning behavior while 
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the substrate is spinning continuously. The fluid gradually thins during this period. Although 

fluid thinning is often relatively uniform, interference colors can sometimes be seen "spinning 

off" in solutions containing volatile solvents, and they do so gradually more slowly as the 

coating thickness is decreased. 

4. Evaporation 

The film drying stage starts after the spin-off step is finished. Centrifugal outflow ends 

at this point, and solvent loss causes additional shrinking. On the substrate, a thin layer is 

created as a result. The suspended or dissolved solids may become so concentrated at the liquid 

surface during the evaporation stage that they create a solid skin with a high viscosity and low 

diffusivity [19]. 

 

II.2.8.3. Advantages and disadvantages of spin coating process 
 

   Advantages 

Spin coating technology is a desirable technique for thin film deposition for a number 

of reasons, including its affordability, lack of safety risks, ease of scaling up, growth occurring 

at a relatively low temperature, and compatibility with flexible organic substrates. Additionally, 

a number of variables (such as spin speed, spin time, acceleration, fume exhaust, etc.) can be 

adjusted to successfully control the end products' morphologies and qualities. Spin coating has 

been shown to be a very effective and adaptable method for producing nanostructures. The spin 

coating technique's outstanding benefit is its controllability and reproducibility of the coating 

process, which also offers a firm control over the morphologies and properties of the generated 

films. 

   Disadvantages 

Despite its many benefits, spin coating has a few drawbacks that are becoming 

increasingly significant as substrate sizes grow and photoresist prices rise. Large substrates are 

unable to be spun quickly enough to allow the film to thin. The inefficient use of materials is 

its main flaw. Only 2-5% of the material poured onto the substrate is typically used in spin 

coating operations; the other 95–98% is thrown off into the coating bowl and discarded [17]. 

 

II.3. Characterization methods 

After having produced the thin layers, their structural, microstructural and optical 

characterization is then carried out. X-ray diffraction (XRD), UV-Vis spectrophotometry, Four- 

point probe method and Scanning Electron Microscopy are the main analysis techniques used. 
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𝟐𝒅𝒉𝒌𝒍 𝐬𝐢𝐧 𝜽 = 𝒏𝝀 (II.6) 

 

II.3.1. X-ray’s diffraction (XRD) 

X-rays are fired into a sample of crystalline solids in accordance with Bragg's Law, 

which causes the rays to diffract in all directions. The detector tracks the X-ray beam diffracted 

by the sample at a constant angular velocity. Lattice planes in crystalline solids or powder 

samples are randomly organized and may be oriented in numerous ways. The material's 

characteristic diffraction pattern can be seen in the X-ray diffraction that was obtained [20]. 

The fundamental idea behind XRD is shown in Fig.II.9. 

 

Fig.II.9 Illustration of basic principle of XRD [20]. 

 

The incident ray in the figure above has an angle (θ) and a distance (d), which determines the 

lengths of the various light paths. The Bragg equation can be used to analyze the phenomena 

that result in constructive wave interference. The Bragg equation follows: 

 

Where n is the diffraction order (1, 2, 3, and so on), 𝑑ℎ𝑘𝑙 is the distance between planes of 

atoms in the crystal (plane with a certain Miller index), 𝜃 is the diffraction angle, and 𝜆 is the 

wavelength of the X-rays used (1.5406 Å) [20]. The crystallite size of the elaborated sample is 

estimated from the full width at half maximum (FWHM) of the most intense diffraction line by 

Scherrer's formula as follows [21]: 

 
D: The crystallite size (nm or Å). 

𝝀: The wavelength of X-ray (nm or Å). 

𝛽: The full width at half maxima of the peak (FWHM) in radians. 

         𝜽: Bragg’s angle in radians.

𝑫 = 
𝟎.𝟗𝝀 

𝜷 𝐜𝐨𝐬 𝜽 
(II.7) 
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It can be calculating the dislocation density using the grains size value 

according to the following relationship [21]: 

 

The micro-strain (𝗌) of the films were calculated using the following equations [22]: 

                 𝜺 =
𝜷

𝟒 𝐭𝐚𝐧 𝜽
         (II.9) 

          
 

II.3.2. Spectroscopy (UV-VISIBLE) 

UV spectroscopy is a type of absorption spectroscopy in which a molecule 

absorbs light in the ultra-violet region (200-400 nm). Ultraviolet radiations that are 

absorbed cause the electrons to be excited from their ground state to a higher energy 

state. The energy difference between the ground state and higher energy states is equal 

to the energy of the ultraviolet radiation that is absorbed [23], (see Fig.II.10). 

 

Fig.II.10 Total diffuse reflectance and transmittance measurement using the integrating 

sphere [24]. 

 

 Film thickness 

The film thickness (d) is significant because it is a key factor influencing the 

electrical and optical characteristics of the film [25]. For the determination of the film 

thickness we used the method proposed by Swanepoel, which hinges on the use of the 

interference fringes of the transmittance of the elaborated nano-films [26]. Equation 

implies that the thickness is given by: 

                                                                                            𝒅 =
𝝀𝟏𝝀𝟐

𝟐(𝝀𝟏𝒏𝟐−𝝀𝟐𝒏𝟏)
                   (II.10) 

 

Where 𝝀𝟏 and 𝝀𝟐 are the wavelengths at which two successive maxima or minima occur  

𝜹 = 
𝟏

 
𝑫𝟐 (II.8) 
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𝒏𝟏,𝟐 = (𝑵𝟏,𝟐
𝟐 + (𝑵𝟏,𝟐 + 𝑺𝟐) ) 

𝟎.𝟓   𝟎.𝟓 

(II.11) 

𝜶= 
𝟏  

𝒍𝒏 
𝟏

 
𝒅 𝑻 

(II.13) 

 
 

and 𝑛1 and 𝒏𝟐 are the corresponding refractive indices, 𝑛1 and 𝑛2 are derived 

from the relationship: 

Where 𝑆 is the refractive index of glass and N1, 2 may be computed using the 

relationship [26]: 

𝑵𝟏,𝟐 =
𝟐𝑺(𝑻𝑴 − 𝑻𝒎)

𝑻𝑴𝑻𝒎
+

𝑺𝟐 + 𝟏

𝟐
                         (II. 12) 

 

 
 

 

Fig.II.11 Method of interference fringes to determinate the thickness. 

 

 Absorption coefficient 

In the spectral domain where the light is absorbed, and knowing the thickness 

of the strong absorption layer as a function of the wavelength. We then define the 

optical gap Eg. According to the Beer-Lambert law [25]: 

 

Where: d: the thickness of the sample, T: measured transmission. 
 

 Band gap energy 

The optical energy band gaps Eg of the films were calculated using the Tauc’s 

relationship as follows: 
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Where: α is absorption coefficient, A is constant, h is Planck’s constant υ is photon 

frequency and n is ½ (Fig.II.12) or 2 for allowed direct, allowed indirect band gap 

semiconductors [27]. 

 

 
Fig.II.12 Determination of the indirect energy gap by the extrapolation method. 

 
 Urbach energy 

 

The variation of the absorption coefficient with the Urbach energy is given by 

the following equation: 

𝜶 = 𝜶𝟎 𝐞𝐱𝐩 (
𝒉𝝂

𝑬𝒖
)                  (II. 15)        

where 𝛼0 is a constant and Eu is the Urbach energy. By plotting ln α as a function of ℎ𝜈 ( 

Fig.II.13), we can access the determination of the value of 𝐄𝐮 [28]: 

𝑳𝒏 𝜶 = 𝑳𝒏𝜶𝟎 +
𝒉𝝂
𝑬𝒖

                         (II. 16)     

(𝛼 ℎ𝜐)𝒏 = 𝑨 (𝒉𝑢 − 𝑬𝒈) (II.14) 
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Fig.II.13 Determination of Urbach energy [7]. 

 
 

II.3.3. Four-point probe method 
 

our-point probe measurer (FPP) is a tool that is frequently used to measure the 

resistivity value of a layer of an electronic material, specifically semi-conductor material used 

in electronic devices like silicon (Si), germanium (Ge), and gallium arsenide (GaAs). This 

measurer, which has four probes, uses two of them to measure electric current and the other 

two to measure voltage when they are introduced to the material (a sample). It is necessary to 

measure the resistivity value for a specific area and thickness in order to assess and review the 

material's qualities (Fig.II.14). Knowing the type of doping of a semi-conductor material 

(positive and negative) and the electronic mobility of a material are two more parameters that 

may be determined from material measurement utilizing this instrument [29]. 

 
                        Fig.II.14 Four-point Circuit [29]. 
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The resistivity of thin films was calculated according to the equation [30]: 
 

 

Where ρ is the resistivity, 𝐑𝐬 is the square resistance (𝐑𝐬 = ( 
𝛑.𝐔 

), 𝐔 is the voltage and 𝐈 is 
𝐥𝐧𝟐.𝐈 

the current) and 𝐝 is the film thickness. Based on previous considerations, we deduce the 

formula to calculate the conductivity: 

 
 

II.3.4. Scanning Electron Microscopy (SEM) 
 

Images of nanoscale resolution and a magnification of over 3 million can be created 

with SEM. It is one of the most used characterization approaches in nanofabrication because of 

this. Because electrons rather than light are employed to create an image, SEM has a high level 

of resolution. The Rayleigh criteria, which demonstrates that the distance between two 

independently resolvable spots is exactly proportional to the wavelength of the light utilized to 

generate the image, limit the resolution of a microscope (Fig.II.15). A photon of light has a 

wavelength that is nearly 100 times longer than that of an electron, which is dependent on 

energy. These field or thermionic emission-produced electrons are accelerated toward the 

sample by an anode in a high vacuum. The accelerating voltage can be used to regulate the 

resolution because the wavelength of an electron relies on its energy [31]. 

 

 
Fig.II.15 A schematic of the main components of a scanning electron microscope [31]. 

𝜎 = 
𝟏

 
𝛒 

(II.18) 

𝛒 = 𝐑𝐬. 𝐝 (II.17) 
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In this chapter, we presented the results of our work concerning the elaboration and 

characterization of Titanium dioxide thin films doped with different concentrations of Cesium 

(TiO2: 𝐶𝑠), and deposited by the sol gel technique (spin coating). Then, we analyzed the 

obtained results for the purpose of studying the influence of Cesium ions doping on the 

structural, optical, electrical and photocatalytic properties of TiO2 thin films. 

III.1. Experimental details 
 

III.1.1. Preparation of the substrate 
 

III.1.1.1. Choice of substrate 

The studied films were deposited on industrial glass substrates with a square surface 

(2.5 x 2.5) 𝑐𝑚2 and a thickness equal to 1.2 mm, cut with a diamond-tipped pen (Fig.III.1): 

 

Fig.III.1 Glass substrates and diamond-tipped pen. 

 

The choice of substrates is dictated by the physico-chemical properties of the 

substrate/material pair to be deposited. In our work, we chose glass slides as substrates for the 

following reasons: 

 The glass has a greater softening temperature than the heat treatment temperature that 

our films underwent after deposition, and it has a thermal expansion coefficient that is 

comparable with that of the material that was deposited, limiting the effects of strains 

during annealing [1]. 

 For their transparency which adapts well for the optical characterization of films in the 

visible one [2]. 

 The glass substrates are transparent and insulating which allows a good optical and 

electrical characterization of our films [1]. 

 For economic reasons. 



Experimental procedures, results and discussions 

Page | 42 

 

 

 

III.1.1.2. Cleaning of the substrate 

To get good results, the substrates must be cleaned before the deposition. In fact, the 

substrate's surface condition has a significant impact on the properties of the deposited films, 

particularly on their uniformity and adherence. 

Each substrate's surface needs to be cleaned to get rid of the many pollutants that are on 

it, and then it needs to be visually inspected for cleanliness. The substrate surfaces are cleaned 

 
 

 

III.1.2. Preparation of the solution 

For the preparation of the deposition solution with a concentration of 0.2 mol/l, titanium 

tetra-isopropoxide (TTIP) used as precursor is dissolved in ethanol with acetylacetone, Cesium 

chloride (CsCl) was used as a doping source at (0, 0.5, 1, 1.5, 2 at%). The resulting mixture is 

stirred with a magnetic stirrer at a temperature equal to 50° C for 3 hours. The molar ratio of 

acetylacetone (stabilizer) and TTIP is equal to 1. The final solution is transparent yellowish in 

color and slightly viscous (Fig.III.3): 

Fig.III.3 The deposit solution. 

in the manner described below: 

1.Rinse 
with 

distilled 
water. 

2.Cleaning 
with 

acetone 
for 5 min 
to remove 

grease. 

3.Rinse 
with 

distilled 
water for 

5 min. 

4.Cleaning 
with 

alcohol for 
5 min. 

5.Rinse 
with 

distilled 
water for 

5 min. 

6.Drying 
using a 

dryer. 

Fig.III.2 Substrates cleaning 
steps. 
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All the products which used during the preparations of our samples are presented in 

Table.III.1 with their different physico-chemical properties: 

 

Table.III.1 Different properties of the used products. 
 

 

 
Product 

 

 
Formula 

Molar 

mass 

( g / 

mol) 

Density 

( g / 

𝒄𝒎𝟑) 

 
Purity 

% 

Boiling 

temperature 

(°C) 

 

 
Utilisation 

Titanium tetra 

isopropoxide 
Ti [OCH(CH3)2] 4 284.23 0.96 95 232 precursor 

Acetylacetone CH3COCH 100.12 
0.97 at 

20 °C 
99.50 140.40 catalyst 

Ethanol C2H5OH 46.07 
0.79 at 

20 °C 
96 78.37 solvent 

Cesium chloride CsCl 168.36 3.98 99.90 1297 
doping 

precursor 

 
III.1.3. Depositing of thin films 

 

The preparation of the substrates and the solution is followed immediately by the 

deposition process. Spin coating technique was used to coat the films. We employed a machine 

called "Holmarc spin coater", which has the following shape and characteristics (Fig.III.4): 

 

Fig.III.4 Holmarc Spin coater. 
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The previously specified precursor solution was poured onto the glass substrate until it 

covered the entire surface (V= 0.20 ml is the recommended amount). The substrate was rotated 

using the spin coater which reached 4000 rpm and stayed there for 30 seconds. The coated film 

was dried at 250 °C for 10 minutes after each coating. In order to start the production and 

crystallization of the TiO2 thin film as well as the evaporation of organic solvents, a preheat 

treatment temperature of 250 °C is necessary. Following the five layer's depositions and 

drying, the resulting thin films were placed in a furnace and annealed at 600°C for two hours. 

The thin film deposition procedure is illustrated in the following diagram (Fig.III.5): 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.III.5 Diagram showing the deposition steps of Cesium doped Titanium dioxide thin 

films. 
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III.2. Results and discussions 

The results we have obtained were compared with those of many previous research. 

III.2.1. Adhesion test 

Adhesion is defined as the condition in which two surfaces are held together by valence 

forces, by mechanical anchoring, or by both together. Adhesion to the substrate is certainly the 

first attribute a film must possess before any of its other properties can be manifested or 

exploited [3]. The simplest and quickest qualitative measure of film or coating adhesion is tape 

test which we have done by applying an adhesive tape to the film surface of our samples and 

pulled off again (Fig.III.6). We noticed that our layer is well adhered to the substrate. 

 
 

Fig.III.6 Simple adhesive tape tests. 

 

 
III.2.2. Structural characteristics 

 

III.2.2.1. X-ray diffraction 

The crystallinity of our produced films was characterized by using X-ray diffraction 

method, using “RIGAKU MINIFLEX 600” diffractometer with CuKα radiation (λ = 1.54059 

Å). This technique makes it possible to obtain the diffractions presented in Fig.III.8. These 

diffractions are compared by the ASTM sheets (ICCD No. 21 -1272 for the anatase phase) (see 

Fig.III.7). 
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Fig.III.7 X-ray diffraction spectrum (the ASTM datasheet) of TiO2 powder for anatase phase 

[4]. 

 

The x-ray diffraction pattern of TiO2 thin films doped with different concentrations of 

Cesium (0, 0.5, 1, 1.5 and 2 at% Cs) deposited on glass substrates at annealing temperature 

(600℃) for two hours are shown in figure.III.8: 
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Fig.III.8 X-ray diffraction pattern of TiO2 thin films doped with different concentration of 

Cesium. 

 

From the comparison between the results obtained (Fig.III.8) and the ASTM sheet for 

TiO2 (Fig.III.7), we can say that the films are oriented preferentially along to the plane 

(101) which corresponds to the diffraction angle about 2θ=25.3°, because this orientation has 

a minimum energy for the growth of our thin films. This result is in good agreement with the 

results of Boen Houng et al [5] and Y. Lu et al [6]. Also it is found that all the films are 

polycrystalline with a tetragonal crystal structure. 
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Intensity (arb.unit) 

FWHM (°) 

 

The XRD diffractions peaks around 2θ = 25.3°, 37.8°, 48°, 55° and 68.7° which 

correspond to the planes (101), (004), (200), (211) and (116) are in good agreement with those 

given in the ASTM sheets (ICCD No. 21 -1272) for anatanse phase [7]. 

The peak position, width and intensity are determined using Lorentz deconvolution of 

the most intense peak (101). The values of FWHM and peak intensities are added in the table 

below: 

Table.III.2 The values of FWHM and peak intensities of (101) for (TiO2: Cs) thin films with 

various concentration of cesium. 

 

Cs (at%) Intensity of the peak (101) (arb.unit) FWHM (°) 

0 121.66 0.44 

0.5 114.80 0.39 

1 105.07 0.36 

1.5 127.27 0.38 

2 65.96 0.31 
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Fig.III.9 The variation of the most intense peak (101) and FWHM of (TiO2: Cs) thin films at 

different  Cs doping concentration. 
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   From Table.III.2 and Fig.III.9, it is observed that there is a narrowing in the line width of 

the peak with the increase in the Cs doping level, x-ray diffraction peaks get narrowing 

either. This narrowing might be due to the augmentation in the size of the crystallites [8]. 

In fact, the obvious decrease of the peak intensity (101) with increasing in Cs doping 

concentration can be attributed to the induced lattice disorder and the strain due the 

Cesium ions incorporation in TiO2 lattice network [9]. 

 

III.2.2.2. Crystallite size, micro-strain and dislocation density 

By exploiting the following relationships (Equation (II.7), (II.8) and (II.9)) which 

mentioned in chapter II, we estimated from the highest peak the crystallite size, micro-strain 

and dislocation density of the various samples. the results are illustrated in Table.III.3 and 

Fig.III.10: 

 

Table.III.3 Crystallite size, micro-strain and dislocation density as a function of Cs concentration. 
 

 
𝐶𝑠 (at%) 

crystallite size 

(nm) 

micro-strain 

(𝜀 × 10−3) 

Dislocation density (𝛿 × 

1014) (line/𝑚3) 

0 18.33 8.61 29.76 

0.5 21.09 7.50 22.49 

1 22.74 6.71 19.34 

1.5 22.20 7.10 20.32 

2 26.09 6.05 14.70 
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Fig.III.10 The variation of micro-strain and dislocation density with crystallite size as a 

function of  Cesium doping concentration.  

 It is easy to note from the figure above that crystallites size has an opposite behavior 

variation with both of micro-strain and dislocation density as a function of Cesium doping 

concentration. 

 The crystallite size increased from 18.33 nm to 26.09 nm, while the micro-strain values 

decreased from 8.61× 10−3 to 6.05 × 10−3, with increasing of Cesium doping 

concentration. A similar result is also reported by Sheng Zhou et al [8]. The increase in 

crystallites size can be explained by the saturation of substitution sites and the excess of 

Cesium doping concentration occupying the interstitial sites in the structure [10]. 
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In addition, the augmentation in the crystallite size may decrease the grain boundaries and 

this would lead to lower lattice defects in thin films resulting to decreases in micro-strain 

[8] while decreasing the dislocation density [10]. 

 
III.2.2.3. Lattice parameters 

Anatase phase has a tetragonal structure with cell parameters were calculated using the 

following relation [11]: 

 

Where the interplanar spacing 𝑑ℎ𝑘𝑙 is calculated by the law of Bragg and the most intense 

peak for Miller’s indices are (101). Table.III.4 shows the experimental and theoretical cell 

parameters. It is noted that the results obtained are less than the theoretical cell parameters, 

which indicates the presence of compression in the cell, a similar result is also reported by 

A. Attaf et al [9] and A. Derbali et al [10]. 

 
Table.III.4 Experimental and theoretical cell parameters of (TiO2: 𝐶𝑠) thin films. 

 

𝑪𝒔 (at%) 2θ(°) 𝒅𝒉𝒌𝒍(Å) a= 𝒃 (Å) c(Å) 
Reference parameter 

(ICCD card No. 21 -1272) 

0 25.367 3.507 3.774 9.486 𝑎0(Å)= 3.785 

 
𝑐0(Å)= 9.514 

 
𝑑0(Å)= 3.520 

2θ (°) = 25.281 

0.5 25.371 3.506 3.773 9.484 

1 25.367 3.507 3.774 9.486 

1.5 25.423 3.499 3.766 9.465 

2 25.337 3.511 3.779 9.497 

 
 

III.2.3. Optical properties 

 

III.2.3.1. Transmittance and reflectance spectra 

The reflectance and transmittance spectra of Cesium doped Titanium dioxide thin 

films are obtained by UV-visible spectroscopy as a function of wavelength over spectral 

range 300 –1500 nm (see Fig.III.11 and Fig.III.12): 

𝐝𝟐 

𝟏    
= 

𝐡 +𝐤   
+ 

𝐥 𝟐 𝟐 𝟐 

(III.1) 
𝐡𝐤𝐥 

𝐚𝟐 𝐜𝟐 
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Fig.III.11 Reflectance spectra of (TiO2: Cs) thin films with different doping concentration. 
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Fig.III.12 Transmittance spectra of (TiO2: Cs) thin films with different doping concentration. 

 

According to Fig.III.12 above, we can say that the spectra of transmittance is composed of two 

zones: 

   A region of high transmittance in the wavelength range from 400 to 1500 nm. It is found that 

all the samples exhibit a high optical transparency about 80–92% in the visible range while the 

reflectance is found inside a confined interval (30–37) %. 
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Most of the samples show the presence of interference fringes in both reflectance and 

transmission spectra in the visible region, this can be attributed to the homogenous surface of 

the films, a similar result is also reported by Z. Chen et al [11]. 

   A region of strong absorption corresponds to the fundamental absorption (𝜆 < 400 𝑛𝑚). This 

zone related to the transition of the electron from the valence band (BV) to the conduction band 

(BC) [11], this last phenomenon is a very important characteristic for a semiconductor 

corresponding to the optical band gap energy (Eg) [12]. On the other hand, with increasing of 

Cesium doping concentration (from 0 to 1% at% Cs), the absorption edge of the deposited films 

was shifted towards the higher wavelength region (red shift), thereby reducing the band gap 

energy [11]. And for higher doping range (above 1% 𝐶𝑠 at%), the absorption edge was shifted 

towards the lower wavelength region (blue shift), as a result, raising the band gap energy. 

 The significantly rise in the absorption edge for the sample of 2% at% Cs, is due may 

be to the reduction in the amplitude of the concerned interference fringes [11] which 

lead to the increase of its surface roughness [13]. 

 In the low-wavelength side at 300 nm, the transmittance spectrum of the samples (2 

at% 𝐶𝑠) does not cross the 0 point of the y-axis, most probably do not result in 

uniform coverage on the glass substrate, which is due to the formation of pinholes 

[14]. 

 

III.2.3.2. Optical gap and Urbach energy 

The optical gap and disorder were estimated by the methods mentioned in chapter II 

(equation II.14 and II.16). Table.III.5 and Fig.III.13 shows the variation of indirect band gap and 

Urbach energy as a function of Cesium doping concentration. 

 

Table.III.5 Indirect band gap and Urbach energies values as function of Cesium doping 

concentration. 
 

Cs at % 0 0.5 1 1.5 2 

Indirect band gap energy 𝑬𝒈(eV) 
3.95 3.38 3.33 3.35 3.64 

Urbach energy 𝑬𝒖 (eV) 
0.18 0.19 0.21 0.20 0.15 
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Fig.III.13 The variation of indirect band gap and Urbach energies as a function of 

Cesium doping  concentration. 

From table.III.5 and Fig.III.13, we noted that the indirect band gap and the Urbach 

energies are inversely aligned. The Urbach tail width or energy is used as signature of the 

disorder in the film network by Cesium doping concentration [16]. 

On the other hand, it can be seen that the indirect band gap is going through two ranges as a 

function of Cesium doping concentration: 

   Low doping range from 0 to 1% at% Cs: It can be seen that depending on the increase 

in Cesium doping concentration, the indirect band gap values decreased from 3.95 eV up 

to 3.33 eV. This decrease can be attributed to the increasing of crystallites size as a 

function of the quantum confinement effect [17]. Fig.III.14 explains the relationship 

between gap energy and crystallites size. 

 

Fig.III.14 Diagram represented the relationship between crystallites size and band gap energy 

[1]. 
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   Higher doping range above 1% at% Cs: in this range, the indirect band gap values 

increased from 3.33 eV to 3.64 eV. The widening in band gap is attributed to Burstein- 

Moss effect as follows: carrier concentration is due to the high doping levels, fills blank 

states belonging to CB of the thin films so increases the energy magnitude necessary 

for the valence band to conduction band transitions [18]. In another way, based on 

Burstein- Moss effect, the increase in the carrier’s density of semiconducting material 

due to Cesium doping causes a shift in the Fermi level and merges into conduction band 

which causes the low energy transition is obstructed. Thereby, a broadening in the 

indirect band gap [19]. This result is in good agreement with the results of Boean 

Houng et al [5], Aytaç GÜLTEKİN [20], Jakub Biedrzycki et al [15]. 

 

III.2.4. Thickness of the film 

We calculate the film thickness (d) using the method of interference fringes 

(Swanepoel’s method) which was mentioned in the second chapter (equation II.10), the obtained 

results are represented in the table below: 

 

Table.III.6 Evolution of the thickness (d) with the Cesium doping concentration. 

 

𝑪𝒔 at% 0 0.5 1 1.5 2 

d (nm) 518 496 493 485 698 

 

   From 0 to 1.5 at% Cs, we note that the film thickness values are almost converging. So 

that, the effect of Cesium doping concentrations didn’t significantly on film thickness,  

but it is clearly affected on the structure of our samples. Also, this convergence of values 

is reference to the sol gel technical (spin coating) which used in the samples preparation. 

   At a concentration of 2 𝑎𝑡% 𝐶𝑠, the thickness values of the concerned sample 

increased due to measurement errors resulting from the interference fringes, which was 

inaccurate and unclear for this concentration (lack of interference fringes increases in 

account error of the film thickness), compared with other Cesium doping concentrations. 

On the other hand, the effect of Cesium doping on the structure is beginning to become 

clear in this concentration, which is explained by the lack of interference fringes. 
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III.2.5. Surface morphology 

Cesium doping effect on the morphological properties of TiO2 thin films were 

investigated by scanning electron microscopy (SEM), shown in Fig.III.15: 

 

Fig.III.15 SEM surface images of (a) undoped, (b) 0.5 at%, (c) 1 at%, (d) 1.5 at% and (e) 

2 at% of     Cesium doped TiO2 thin films. 

As can be deduced from Fig.III.15, the obtained results show that the surface 

morphology of the different (TiO2: 𝐶𝑠) thin films are homogeneous and is covered by pinhole 

grains with a disuniform distribution throughout the surface of the film especially in the sample 

of 2 𝑎𝑡% 𝐶𝑠. Also, the crystallite size is increased as the concentration of 𝐶𝑠 doping increased, 

which is corresponding with the results obtained from the XRD analysis. a similar result is also 

reported by N. Mohammadi et al [20]. 
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III.2.6. Electrical properties 

Using 4 point measurements that permit to indicate how (𝑇𝑖𝑂2: 𝐶𝑠) films are resistive, 

the obtained results of electrical resistivity (ρ) and the conductivity (σ) as function of Cs doping 

concentration are showing in Table.III.7: 

 

Table.III.7 Variation of conductivity and resistivity of (𝑇𝑖𝑂2: 𝐶𝑠) with different doping concentration. 

 
Cs at% Resistivity (Ω cm) Conductivity (𝜴 𝒄𝒎)−𝟏 

0 0.013 79.680 

0.5 0.007 133.810 

1 0.075 13.330 

1.5 0.100 9.913 

2 0.105 9.541 

 

 
 From Table.III.7, one can observe that the values of the conductivity of our thin films 

are on order 101 and 102 (Ω cm) −1. From 0 to 0.5 at% Cs, the conductivity increase 

from 79,680 (Ω cm)−1 to 133.810 (Ω cm)−1, then it decreases from 133.810 (Ω cm)−1 

to 9.541 (Ω cm)−1 for (0.5 to 2 at % Cs). This change is may be due to the structure of 

the material and to make sure of this we need to use other characterization methods, 

XPS and Hall effect. 
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Table.III.8 General characteristics of methyl orange dye [21] 

 

III.2.7. Photocatalytic studies 

The photocatalytic activity of our samples was assessed initially by monitoring the 

degradation of methyl orange solutions irradiated with simulated UV-A solar light. 

III.2.7.1. General characteristics of methyl orange dye 

Methyl orange is a typical azo water-soluble anionic dye that is utilized in a variety of 

industries, including textile, printing, paper, pharmaceutical, food, and research labs [21,22]. 

Some properties of methyl orange are given in Table.III.8: 

 

 

Molecular structure 
 

 

 

 

 

 

 

Synonyms Gold orange, Helianthine, Orange III 
 

Molecular formula C14H14N3NaO3S 
 

Molar mass 327.34 𝑔 𝑚𝑜𝑙−1 
 

Type Anionic 

 

 

We chose methyl orange for the following reasons: 

 It is a toxic organic dye. 

 It does not degrade when exposed to light during photocatalytic experiment. 

 Its structure is close to the structure of pollutants in the environment. 
 

III.2.7.2. Photocatalytic degradation of methyl orange solution by (𝐓𝐢𝐎𝟐: 𝑪𝒔) thin films 

The methyl orange (MO) dye was selected as a model pollutant for the investigation of 

the photocatalytic activity of our TiO2 films. MO solution was prepared by adding distilled 

water. (TiO2: 𝐶𝑠) thin film was immersed in methyl orange solution inside glass bottles. After 

that, it was exposed to simulated UV-A solar light for one to six hours. The absorption of MO 

solution was measured by the UV-Visible spectra. Fig.III.16 below shows the methyl orange 

solution at different time irradiation: 
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Fig.III.16 Photo degradation of MO blank solution exposed to UV-A simulated light for six 

hours. 

 

   We note that the blank methyl orange solution does not degrade (very little decrease 

from 0.724 to 0.714) after exposure to UV-A simulated light for six hours, and this is 

evidence that it is not auto degradable. 

 Fig.III.17 shows the absorption spectrum of the methyl orange solution in previous 

time periods: 

Time 
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Fig.III.17 UV-Vis absorption spectra of MO solution exposed to UV-A simulated light for six 

hours. 

 

According to Fig.III.17: 

   A decrease in the height of the methyl orange peak is observed at the concerned 

wavelength of 507 nm. This decrease indicates that the thin layers of (𝐓𝐢𝐎𝟐: 𝑪𝒔) in the 

presence of UV-A simulated light for six hours are effective in degrading the methyl 

orange dye. 
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III.2.7.3. Photocatalytic reaction rate constant (𝑲𝒂𝒑𝒑) 

Generally, the degradation kinetics of a compound follow the Langmuir-Hinshelwood 

model confirming the heterogeneous nature of the photocatalytic system. This model makes it 

possible to assess the rate of degradation of an organic pollutant at different concentrations [2]. 

The rate constant of MO photo degradation was studied by using pseudo-first-order 

kinetics which can be expressed as a given equation: 

 

Where 𝐶0 is the dye concentration at time t = 0 min, 𝐶𝑡 is the dye concentration at time t, t is 

irradiation time and 𝑲𝒂𝒑𝒑 is the rate constant (see Fig.III.18). 
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Fig.III.18 Plot of (-ln(𝑪𝒕/𝐶0)) vs time irradiation over different Cesium doping concentration. 

 

 
Table.III.9 Variation of 𝐾𝑎𝑝𝑝 with Cesium doping concentration. 
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 From Table.III.9, we noted that the highest value of kinetic constant is at 0.5 at% Cs. 

This indicates that the sample of 0.5 at% Cs has great efficacy in degrading the methyl 

orange dye compared with other Cesium doping concentrations. 
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General conclusion 

 
The work presented in this study focused on the elaboration and characterization of 

Cesium doped Titanium dioxide TiO2 thin films obtained by a sol-gel process (Spin-coating). 

The effect of doping on the structural, optical, electrical and photocatalytic properties of TiO2 

thin films was studied. 

For this, a series of five samples were prepared and deposited on glass substrates at 

different doping rates from 0 to 2 at%. As starting materials, we used titanium tetra- 

isopropoxide (precursor), ethanol (solvent), acetylacetone (stabilizer) and Cesium chloride 

(source of dopant). The layers obtained are subjected to heat treatment (annealing) at 600°C. 

The results obtained showed that: 

(TiO2: Cs) thin films are well adhered to the substrate. 

   Structural characterization by XRD shows that: 

 The thin layers of (TiO2: Cs) obtained crystallized in the anatase phase with a 

preferential orientation along the (101) plane with the appearance of secondary 

orientations which indicating that the thin films are polycrystalline. 

The crystallite size increased with the increasing of Cesium doping concentration, and 

for this the micro-strain and the density of dislocations decreased. Cell compression 

occurred also. 

   Optical characterization by UV-Visible spectroscopy shows that: 

 All the samples exhibit a high optical transparency about 80–92% in the visible range 

while the reflectance is found inside a confined interval 30–37%. 

 At a low doping range from 0 to 1% at% Cs, the indirect band gap values decreased from 

3.95 eV up to 3.33 eV and for higher doping range above 1% at% Cs, the indirect band 

gap values increased from 3.33 eV to 3.64 eV. 

 The indirect band gap and the Urbach energies are inversely aligned. 

 The thin layers of (TiO2: Cs) in the presence of UV-A simulated light for six hours are 

effective in degrading the methyl orange dye. 

Most of (TiO2: Cs) thin films obtained converging thickness values. 

   The morphological characterization by SEM shows that: 

 the surface morphology of all the samples are homogeneous and dense. 

   The electrical characterization of the films shows that: 
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 The values of the conductivity of our thin films is on order 101 and 102 (Ω cm)−1. 

 

From the results obtained, it can be said that the elaborate thin layers can be used in 

several applications such as photo-catalyst, optical window, gas sensors. 

 
Our goals are to enhance the electrical characteristics of TiO2 thin films so that they can 

be used in solar fields, for instance by applying co-doping or other types of doping. 
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Effect of Cesium doping on the properties of Titanium dioxide thin films elaborated by 

Sol-gel (Spin coating) and their photocatalytic applications. 

Abstract: 
In this study, we were prepared (TiO2: 𝐶𝑠) thin films by Sol-gel (spin coating) 

technique onto glass substrates with doping percent varied from 0 at% to 2 at%. The 

influence of Cs doping on structural, optical, electrical and photocatalytic properties were 

investigated, then they were characterized using X-ray diffraction, UV-Visible 

spectroscopy, Scanning Electron Microscopy (SEM) and four-point probe method for 

electrical measurement. The obtained results show that the films are a polycrystalline 

nature with prefertional orientation along to (101) plane corresponding to anatase phase. 

The crystallite size of the films increased with the increasing of Cesium doping 

concentration. The optical analyses depict that the films have a high transmission in the 

visible range about 80–92%. Also, thin layers of (TiO2: 𝐶𝑠) in the presence of UV-A 

simulated light are effective in degrading the methyl orange dye. In addition, the electrical 

measurements indicate that the resistivity of (TiO2: 𝐶𝑠) thin films is on order 101 and 102 (Ω 
cm)−1. 
Keywords: Thin films, TiO2, Cs, spin coating, doping, photocatalysis, methyl orange. 
 

 بواسطة لمحضرةاالتيتانيوم  أكسيد لثاني الرقيقة الأغشية خواص على السيزيومالتطعيم بتأثير              

 وتطبيقاتها التحفيزية الضوئية. الدوران تقنية طلاء

 :لملخصا
ان على ركائز زجاجية باستخدام تقنية طلاء الدور Csغير المطعمة و المطعمة ب 2TiOرقيقة في هذه الدراسة تم تحضير شرائح 

الكهربائية و  ية،الضوئ البنيوية،. تمت دراسة تاثير هذا التطعيم على الخصائص  % 2 الى %0مع نسبة تطعيم تتراوح بين 

لالكتروني , المجهر انفسجيةالتحليل الطيفي للاشعة فوق الب السينية،التحفيزية الضوئية من خلال توصيفها باستخدام حيود الاشعة 
لبلورات مع اعة متعددة ات طبيائج المتحصل عليها ان الاغشية ذأظهرت النتالماسح و تقنية التلامسات الأربعة للدراسة الكهربائية. 

 التحليلات . كما توضحيمبالإضافة الى زيادة حجم البلورات مع زيادة تركيز التطع وفق طور الاناتاز (101)للنمو توجيه مفضل 

 ة لها فعالية كبيرة في. أيضا ان شرائح أكسيد التيتانيوم المطعم% 92و  % 80 الضوئية ان الشرائح لها نفاذية تتراوح بين

من رتبة  ناقلية ناته العي. وقد أظهرت الدراسات ان لهذوالصحةتفكيك صبغة الميثيل البرتقالي الر مركبات اقل خطرا على البيئة 
 .1سم 1-اوم210 و110

      البرتقالي. بغة الميثيلص والتحفيز الضوئي  التطعيم، الدوران،, تقنية طلاء TiO2 ,Cs الرقيقة،الشرائح  :الكلمات المفتاحية
 

 

 
    Effet du dopage au césium sur les propriétés des couches minces de dioxyde de titane 

élaborées par Sol-gel (Spin coating) et leurs applications photocatalytiques. 

Résumé : 
Dans cette étude, nous avons préparé des couches minces de (TiO2 : 𝐶𝑠) par la technique 

Sol-gel (spin coating) sur des substrats de verre avec un pourcentage de dopage variant de 0 

at% à 2 at%. L'influence du dopage Cs sur les propriétés structurelles, optiques, électriques et 

photocatalytiques a été étudiée, puis elles ont été caractérisées à l'aide de la diffraction des 

rayons X, de la spectroscopie UV-Visible, de la microscopie électronique à balayage (MEB) et 

de la méthode de sonde à quatre points pour la mesure électrique. Les résultats obtenus montrent 

que les films sont de nature polycristalline avec une orientation préférentielle selon le plan (101) 

correspondant à la phase anatase. La taille des cristallites des films a augmenté avec 

l'augmentation de la concentration de dopage au césium. Les analyses optiques montrent que 

les films ont une transmission élevée dans le domaine visible d'environ 80 à 92 %. De plus, de 

fines couches de (TiO2 : 𝐶𝑠) en présence de lumière simulée UV-A sont efficaces pour 

dégrader le colorant méthyl orange. De plus, les mesures électriques indiquent que la 

résistivité des couches minces de (TiO2 : 𝐶𝑠) est de l'ordre de 101 et 102 (Ω cm) −1. 
Mots clés : Couches minces, TiO2, Cs, spin coating, dopage, photocatalyse, methyl orange. 
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