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 General Introduction 

           Depending on the excellent optical and electrical properties for metal oxide 

semiconductor thin films and numerous studies have been conducted on them. The 

unique class of materials that depends on the metal oxides is Transparent Conducting 

Oxides (TCOs) which has both optical transparency and electrical conductivity . 

Among  the most used  TCO  materials, indium oxide (In2O3) is a versatile material 

with various wide applications and technologically important TCO  material  of n-

type semiconductor [1]. It has a wide band gap with a direct band gap around 3.5 - 3.8 

eV [2] and an indirect band gap of about 2.6 eV [3]. It is cubic with the lattice 

constant of a = 10.117˚A and space group ( Ia3 ) [4]. High electrical conductivity and 

transparency to visible light  is considerably used for photovoltaic devices, transparent 

windows, liquid crystal displays (LCD), solar cell, light emitting diode (LED), gas 

sensors and anti- reflecting coatings [5].  

          Most of undoped and doped In2O3 thin films are prepared by variety of physical 

and chemical methods such as: spray pyrolysis [6], vacuum evaporation [7], 

magnetron sputtering [8], dc- sputtering [9], sol gel [10], electron beam evaporation 

[11], reactive thermal evaporation [12] and pulsed laser ablation [13]. Among these 

deposition methods, spray pyrolysis is a preferred technique. It is versatile to fabricate 

thin films , not expensive, commercially viable, easy and simple to manipulate and 

applicable to large area. Moreover, the variety of the precursor solutions to prepare 

the In2O3 thin films; the initial materials used are usually InCl3 [14,15], sometimes 

InNO3 [16,17] and rarely indium acetylacetonate (In-acac) [18].  

 

           The main aim of this work is to obtain undoped  and doped  indium oxide   

films with suitable properties for optoelectronic   application which can be  used  as 

transparent  conductive  oxide  (TCO)  thin  films to  reduce  the  losses  during 

photovoltaic conversion ,through studying the effect of  many  parameters as it 

followed by evolution of  the  structural, optical and electrical properties of  In2O3 

films has been investigated. 

 

 

 



 
 

The thesis is organized as following:  

The first part embraces two chapters (I and II):  In Chapter I, we will present 

general concepts on thin films, indium oxide and the different deposition techniques. 

In Chapter II , we will present ultrasonic spray  elaboration and characterization 

techniques  for indium oxide thin films . 

The second part consists four chapters (III, IV ,V , VI ): In chapters III ,IV and 

V we will present  the results and discussion on the ultrasonically deposited undoped  

indium oxide thin films with  the effect of  many parameters as following : 

- Chapter III : Influence growth rate (by changing the solution flow rate ) 

- Chapter IV : Influence of indium acetate (various molar concentration) 

- Chapter V : Influence of substrates type. 

But In chapter VI: we will present the results and discussion on the ultrasonically 

deposited doped indium oxide thin films with various concentration of  antimony 

(Sb) and molybdenum (Mo) . 

          At last, We will end this manuscript with a general conclusion about the work 

which has been done and we will give some perspectives on the continuity of the 

research work. 
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I.1 Introduction:         

         Technologies based on the exploitation of the specific properties of  films, called 

thin films, developed strongly at the end of the 20
th 

century and became one of the 

most important paths. That's why we will focus on it in this chapter. We will present 

simple definitions of thin films and their applications, then we will mention the main 

properties of transparent conductive oxides (TCO) and in particular those of indium 

oxide (In2O3), we will also note different depositions techniques which are used to 

grow In2O3 films. 

I.2 Thin films: 

I.2.1 Definition of a thin film: 

 

            As a principle, the thin film of specific material is an element of this material 

with reduced dimensions called thickness, it is expressed in Angstrom, and this small 

distance between the two boundary surfaces (this quasi two- dimensional) cause a 

disruption of the majority of the physical properties [1]. The essential difference 

between the material in the massive state and the one in thin layers is that; in the 

massive state the role of the limits in the properties is usually neglected, whereas in a 

thin layer the effects are related to the predominant surface areas. It is quite obvious 

that the thinner of the thickness, will be the more on this two-dimensional effect that 

will be important. However, when the thickness will exceed a certain threshold; its 

effect will become minimal and the material will recover the well-known properties of 

the solid material [2]. The second essential characteristic of  thin film is whatever the 

procedure used for its manufacture,  the  thin film is always integral with a substrate. 

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 will be deposited 

on an amorphous insulating substrate such as glass, or a monocrystalline silicon 

substrate, for example. Consequently, the thin film is anisotropic by construction [3]. 
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        In practice, we can distinguish two main families of methods, where  using of the 

carrier gas to move the material to the substrate and  which are similar to the diffusion 

techniques   used in the manufacture of active components,  and those that  involve in 

the reduced pressure environment  whereas the material deposited  by an initial pulse 

of thermal or mechanical nature [4]. 

I.2.2 Steps of the formation and the growth of thin film 

               It is distinguished by three steps : 

 Synthesis or creation of the deposit species. 

 Transport of these species to the substrate. 

 Deposition on the substrate and growth of the layer. 

            The first two steps define the technique of depositions , the third involves the 

phenomena of generation and growth of the layer [5]. In addition to the last stage after 

the process of forming the thin layers called analysis which  are illustrated this 

deposition processes in the following Figure.I.1: 

 

 

 

 

 

 

 

 

 

 

 

Figure.I.1 :  Diagram of the steps of the thin film manufacturing process 
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         The formation of thin film is achieved by a combination of nucleation and 

growth processes, described as follows [6]: 

- The species, at the moment of the impact on the substrate, lose their displacement 

velocity component which are physically absorbed on the surface of the substrate 

- Initially, the species absorbed are not in thermal equilibrium with the substrate, and 

therefore it moves on its surface. During these trips, they will interact with each other; 

creating clusters that will grow. 

- These clusters, which are called islands or nuclei, are thermodynamically unstable 

and naturally tend to desorb. However, if the deposition parameters are such that the 

islands collide with each other, it develops dimensionally. When they reach a certain 

size, the Islets become thermodynamically stable. It is said that the nucleation 

threshold has been crossed. This step, which discuss the formation of stable islands, 

chemisorbed, and  sufficient size, is called nucleation.  

- The Islets continue to grow in number and size until a nucleation density, which 

called saturation, is reached. The nucleation density and the average size of the Islets  

depend on several parameters such as the energy of the incident species, their quantity 

per unit of time and surface, the energies of activation, absorption, desorption, thermal 

diffusion, the temperature, the topology and the chemical nature of the substrate. An 

island can grow parallel to the surface of the substrate by superficial diffusion of the 

absorbed or perpendicular spaces by direct impact of the incident species on the 

islands. In general, the lateral growth rate is much greater than the perpendicular 

growth rate. 

-The next step in the process of forming the thin layer is called coalescence. The 

islands begin to agglomerate with one another by reducing the surface of the uncoated 

substrate. Coalescence can be accelerated by increasing the surface mobility of the 

adsorbed species, for example by increasing the temperature of the substrate. During 

this step, we can observe the formation of new islands on the surfaces liberated by the 

older island approximation. 

- Islets become islands that continue to grow, leaving only holes or channels of small 

dimensions between them. The structure of the layer changes from the discontinuous 
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type to the porous type. Gradually, a continuous layer will be formed when the holes 

and channels fill up. 

 

 

 

  

 

 

 

 

Figure.I.2    Nucleation , coalescence and growth of thin films [7] : (A): the arrival of atoms 

on a substrate,  (B): the morphology of the substrate, (C) : the coalescence, (D): step after 

coalescence, (E): growth  . 

I.2.3 Classification of the growth patterns :  

       According to the thermodynamic parameters of the deposition and the substrate 

surface, the nucleation and island growth steps can be described as the following 

types :  

a) Islands type (called Volmer-Weber) 

In this growth mode (3D or multilayer), small clusters nucleate directly on the surface 

of the substrate and grow in islets on it [5]. (figure I.3.A) 
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  b) Layer type (called Frank-van der Merwe) 

This mode of growth occurs when the adatome-substrate interaction is very strong 

(2D or layer by layer), which induces the condensation of the species, then the 

formation of a monolayer [8]. (Figure I.3.B) 

c) Mixed type (called Stranski-Krastanov) 

This mode of growth is an intermediate case between the two preceding types [8]. 

(Figure I.3.C). 

 

Figure.I.3   : The three growth models of a thin layer [9]. 

A) Multilayer growth mode, or Volmer-Weber 

B) Mode of growth layer by layer, or Franck-Van den Merwe    ; C) Growth mode Stranski- 

Krastanov 
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1.2.4 Applications of thin layers: 

 

         Thin films are a technology of the future for many fields especially in micro and 

nanoelectronics . Their advantages are among others, a cost of manufacture few and 

deposit possibilities on different types of substrate (rigid, flexible ...) [10].   During 

the twentieth century,  more advanced applications have diversified in the following 

areas [9]: 

 Microelectronics: these was developed in  the 1960s ; thanks to the implementation 

of thin conductive or insulating layers increasingly which can be found under 

passivative layer types (electronic contact), PN junction, diode, transistor , 

piezoelectric material, LED lamp, superconductor, 

 Optics: while maintaining aesthetic applications, the optical applications of the 

layers have made it possible to develop more efficient radiation sensors, such as anti-

reflection layers in solar cells, mirror tain, anti-reflection treatment of camera lenses , 

photodetection, flat panel displays, ophthalmic applications, optical guides (energy 

controls - architecture, vehicles, energy conversion ...) 

 Mechanical: tribological coatings (dry lubrication, resistance to wear, erosion, 

abrasion, diffusion barriers) ... 

 Chemistry: the main applications of surface coatings are oriented toward a better 

resistance to corrosion by the creation of a waterproof film (resistance to corrosion), 

gas sensor, catalytic coatings, protective layers.  

 Thermal: the use of a thermal barrier layer decreases the surface temperature of the 

metal of the reactors fins. Thus, making it possible to improve the performance of the 

reactors (increase of the internal temperature). 

 Biology: such as micro biological sensors, biochips, biocompatible materials .. 

Micro and nanotechnologies: mechanical and chemical sensors, micro fluidics, 

actuators, detectors, adaptive optics, nano photonics ... 

 Magnetic: such as information storage (computer memory), security devices sensors. 

 Decoration: such as watches, glasses, jewelery, home furnishings. 
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I.3 Transparent Conductive Oxides (TCO): 

 

       Transparent and conductive oxides are promising materials. Since the discovery 

at the beginning of the century of the double property of electrical conductivity and 

transparency in the visible domain. Historically, the first coexistence of electrical 

conductivity and optical transparency in the visible was observed in 1957 on thin 

films of CdO cadmium oxides.  From the industrial point of view, tin-doped indium 

oxide (ITO) is the most widely used material. According to NanoMarkets, the ITO 

with its flaws and shortcomings will continue to dominate the transparent and 

conductive oxide industry in the near future [11].  An excellent TCO is defined by 

high electrical conductivity combined with low visible absorption. In general, these 

two characteristics are related to the thickness of the deposited layer. For example, 

they depend on the size of the grains, which usually increases with the thickness of 

the film. The most known TCOs are the oxides of indium, cadmium, tin, zinc and 

gallium. Commonly the oxides are doped with a metal. However, this metallic dopant 

is active only when it replaces the primary metal. The conduction band is then 

strongly disturbed by each doping atom, the diffusion of the conduction electrons is 

then increased, and the mobility and consequently the conduction falls. This is why 

some oxides are doped with fluorine when it is substituted for oxygen, causes a 

disturbance of the valence band, which minimizes the diffusion of conduction 

electrons [12]. The properties of TCOs in particular highlighted above allow to 

consider their use in many applications. Such as : windows  at a low radiative heat 

loss [13,14 ], flat panel displays [13]. 
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In the following  Figure.I.4, we will present the main applications of TCO materials : 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.I.4:   Some applications of TCO  [5]. 
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I.4 Presentation of the TCO studied [Indium Oxide (In2O3)]: 

 

         Due to its distinctive optical, chemical, and electronic properties, indium oxide 

is gaining the increasing attention in applications ranging from optoelectronic devices 

to chemical probes. It's chemical probes can detect several toxic and non-toxic gases 

such as: O3, Co, H2, NH3, NO2, and Cl2 [5, 15]. Indium oxide (In2O3) is an important 

n-type semiconductor with a wide direct band gap of 3.5-3.8 eV [16]. It has 

interesting properties such as high transparency to visible light [17], excellent 

substrate adhesion [18], good chemical stability [19], high electrical conductivity 

[20], hardness and chemical inertia  and the strong interaction between some toxic gas 

molecules and its surfaces. These properties make it an attractive material for a 

variety of applications, including solar cells, panel displays, organic light emitting 

diodes, photocatalysts, architectural glasses. Moreover, In2O3 is an important material 

for semiconductor gas sensors [21].   

I.4.1 Properties of indium oxide (In2O3): 

I.4.1.1 Crystallographic properties:  

          The solid indium oxide (In2O3) (crystalline solid) is yellow color and has a 

melting point on 1913 ° C. The density of In2O3 is 7.12 g / cm
3
 can crystallize in two 

different structures as a cubic centered and hexagonal body [21]:  

a) Centered cubic structure: It is an identical structure to that of the bixbyite Mn2O3 

(called C-type rare earth oxide structure) whose mesh contains 80 atoms, or 16 

formula units. The space group is Ia3 and the mesh parameter is a = 1.012 nm.  

Among the 32 In atoms, 1/4 of the In atoms (In1) occupy the centers of the 

trigonally distorted octahedra (8b position) and 3/4 of In atoms (In2) occupy 

the centers of tetragonally distorted octahedra ( 24d position) that ensure a 

good packing ratio [22 ]. The ratio In1 / In2 = 1: 3 , whereas the  8 b cations are 

coordinated to six oxygen anions and to 2 oxygen interstitial positions but the 24 d 

cations are coordinated to six oxygen anions at three distances and to 2 oxygen 

interstitial sites. The 48 oxygen anions are coordinated to four cations [ 23]  
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Figure.I.5: Crystallographic structure , Cubic bixbyite structure (1/16 of the units) [21,23]. 

 

In case of doping, 1/4 of the doping atoms are on the In1 sites and 3/4 on the In2 sites. 

 

    Table I.1: shows the number and positions of the 80 atoms forming the elemental cell of 

indium oxide [21]. 

 

b) Hexagonal structure: it is identical to that of α-alumina (corundum). It is obtained 

either by adding metal dopants or by elaborating under high pressure (for example 65 

kbar and 1000 ° C.). The network parameters are: a = 5.484Å and c = 14.508 Å [24].  

 

 

 Number  atome X Y Z 

8 In
3+

 (In1) 1/4 1/4 1/4 

24 In
3+

 (In2) 0 ,4668 0 1/4 

48 O
2-

 0,3905 0 ,1529 0,3832 
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I.4.1.2 Optical properties: 

         The interaction of light (electromagnetic wave) with In2O3 films (electrons of 

the valence band) can clearly explain these optical properties. if the energy associated 

with the electromagnetic wave which is capable of transferring electrons from the 

valence band to the conduction band, an electromagnetic wave interacting with these 

films  will be completely absorbed by it, i.e. this energy is at least equal to 3.55 eV 

(the width of the forbidden band of  In2O3). 

Pan and Ma, found an optical transmittance (T) in the visible region and I-Red of the 

order of 90% for pure films of In2O3 deposited by the thermal evaporation of a 

mixture of SnO2-10% In in ambient oxygen at 340 ° C. This is the best value obtained 

for any undoped transparent conductor which rivals those for the ITO system very 

closely. 

The refractive index in the visible region ranges between 1.9 and 2.08. Muller 

reported an effective mass m * = 0.3me for conduction electrons [5,21]. 

I.4.1.3 Electrical properties: 

 

It is recalled that the electronic band structures of oxygen and indium are: 

       8O:  1S 2S 2P 

      49In:  1S 2S 2P 3S 3P 3d 4S 4P 4d 5S 5P 

The 2P states of oxygen forms the valence band and the  indium S states constitutes 

the conduction zone of the semiconductor of In2O3. 

        In2O3 has single free electron-like band of s-character forming the bottom of the 

conduction band hybridized with a highly dispersed O 2s states. The valence band 

edge arises from the O 2p states hybridized with In2 5d. This intriguing band structure 

results in uniform distribution of the charge that reduces the scattering to a minimum. 

Moreover, the high electrical conductivity due to mobility enhancement and Burstein–

Moss shift can also be explained on the basis of dispersion of these bands [22]. 

       Indium oxide is an n-type semiconductor with a direct gap. The high conductivity 

of the pure oxide layers is due to the high free carrier concentration (electrons).  
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The latter is attributed to the deviation from stoichiometry (or intrinsic defects in the 

structure). There is a big difference in the gap energy, literature reported by the 

references. At room temperature, it varies between 3.55 and 3.75 eV. In2O3 as a 

transparent conductor has a higher mobility which varies in the range 10-75 cm V
-1

s
-1

, 

with an electron concentration N ≈10
19

-10
20

 cm
-3

, and a resistivity ρ ≥ 10
- 3

 Ωcm. the 

best results are obtained after reducing heat treatment which improves the 

conductivity. On the other hand, it has been found that a thermal oxidation treatment 

results in a reduction of the conductivity [5]. 

I.4.2 Applications of indium oxide: 

 

         The transparent and conductive oxides (OTC), In2O3 is physically stable and 

chemically inert. As a transparent conductor, it shows features similar to SnO2 which 

is important for applications in many aspects. Indium oxide can be used as OTC 

material in :                          

 optoelectronic devices, including solar cells 

TCOs in solar cells are used as transparent electrodes. They must necessarily have a 

high optical transmission in order to allow efficient transport of photons to the active 

layer and also a good electrical conductivity which is required to obtain the least 

losses of photogenerated transport charge [21].  

 Gas sensors 

- Gas sensors play a vital role in detecting, monitoring and controlling the 

presence of dangerous and toxic gases such as ammonia, ozone in the 

atmosphere at very low concentrations.  

- Semiconductor gas sensors in the form of thin films are highly sensitive and 

reliable, having a performance or  price ratio comparable to that of 

microelectronic components [25]. 

 Humidity sensors 

Moisture is a constant environmental factor, so its precise measurement and control 

are very important. Moisture sensors are generally required in the areas of home 
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appliances, the medical industry, the agricultural industry and the automobile 

industry. [26] 

    Other applications include electroluminescent devices, anti-reflection coatings, 

electroluminescent liquid, crystal liquid, crystal displays, electrochromic devices, 

photothermal devices, and light-emitting diodes. Since In2O3 is mostly used in film 

form, it is generally characterized in terms of the properties of thin films [22]. 

I.5 Some methods of depositing thin films:  

 

        Several methods are used to develop the growth of thin films. These methods are 

generally classified into two main families: chemical development methods and 

physical treatment methods. Chemical methods include: chemical vapor deposition 

(CVD), sol-gel process and interactive chemical technology. For physical methods, 

the most common are vacuum evaporation, spraying and laser ablation.  We will find 

all families of layers deposits below. The methods are listed in the Table I.2. 

Table I.2:  Shows general methods for depositing a thin films. 

 

General methods for depositing a thin  films 

Physical process 

(PVD) 

Chemical process 

(CVD) 

In empty 

environment 

In plasma medium 

 

In the solution 

 

In the vapor phase 

 

-Evaporation 

-Reactive  

evaporation 

- Magnetron DC 

-Laser ablation 

 

-Cathodic spray 

-Reactive spray 

- Radio spray 

Frequency 

 

-Sol gel 

-Spray 

-Electron depositions 

 

-CVD 

-LACVD 

-PECVD 

-MOCVD 
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I.5.1 Physical vapor deposition (PVD) : 

 

          Physical vapor deposition consists of using vapors from the material to be 

deposited to deposit on any substrate [27]. The transport of the vapors from the target 

to the substrate requires a fairly high vacuum (10
-5

 to 10
-10

 Pa) to transport the atoms 

of the target to the substrate, avoiding the formation of powder bound to condensation 

in the homogeneous phase. 

 Physical vapor deposition (PVD) has many advantages over chemical vapor 

deposition, such as: 

- The films are dense. 

- The process is easy to control without any pollution. 

I.5.2 Chemical vapor deposition (CVD) : 

 

         Chemical Vapor Deposition (CVD) is a method in which the constituents of a 

gas phase react to form a solid film deposited on a heated substrate. The volatile 

compounds of the material which will be deposited are optionally diluted in a carrier 

gas and introduced into an enclosure where the substrates are placed. The CVD is an 

interdisciplinary field, it includes a set of chemical reactions, a thermodynamic and 

kinetic process, a phenomenon of transport. The chemical reaction is central to these 

disciplines: it determines the nature, the type and species presented. 

        The most used synthetic methods are: 

- LPCVD (Low Pressure Chemical Vapor Deposition); it is the case of hot wall 

reactor that is heated directly. 

 - PECVD (Plasma Enhanced Chemical Vapor Deposition) or PACVD (Plasma 

Assisted Chemical Vapor Deposition). Consists of the assistance of a plasma to obtain 

the deposits at lower temperatures. 

- The assistance of a laser makes it possible to locate on parts , the different areas , the 

use of OMCVD organometallic method which compounds considerably lowering the 

temperature  for obtaining the deposit. 
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  The principle of the CVD technique, in the case of the hot wall, is presented in 

Figure I.6 [ 28]. 

 

 

 

Figure.I.6 :  Principle scheme of chemical vapor deposition (hot wall furnace) [28]. 

 

The kinetics of the process depends on the following steps [29]:  

1) Convection of the gaseous reagent (dynamic flow). 

(2) Dissemination of the reagent to the substrate. 

(3) Adsorption of the reagent on the substrate. 

(4) Chemical reaction of the adsorbed species. 

(5) Desorption of products gaseous reaction. 

(6) Diffusion of its products through the boundary layer. 

(7) Evacuation of the gases from the system. 

          The main advantages of these techniques are to allow the crystallization of 

films without the use of annealing, to be able to control the composition during the 
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deposition, and to produce a deposit of uniform thickness and composition which also 

has excellent adhesion. However, these techniques have the disadvantage of giving 

films contaminated by the precursor residues and that of having an often high reaction 

temperature [12]. 

          We choose in this work, ultrasonic spray as a method from the above methods  

because  the  pyrolysis spray is a deposition technique used to prepare thin and thick 

films. Unlike many other film deposition techniques, it represents a very simple 

method which does not require high quality chemicals. This method was used for 

depositing dense and porous films. Even multilayer films can be easily prepared using 

this technique. The typical equipment of the pyrolysis spray consists of an atomizer, a 

precursor solution, a substrate heater and a temperature controller. Ultrasonic 

atomizers are used in the technique of pyrolysis spray. In an ultrasonic atomizer the 

ultrasonic frequencies produce the shortwave required for fine atomization which is a 

very inexpensive and economical technique, it is also  industrializable. It is described 

as below: 

I.6  Ultrasonic pyrolysis spray: 

I.6.1 The pyrolysis spray: 

 

      The spray technique was first introduced by Chamberlin and Skarman in 1963. It 

was used successfully for CdS films. It was then adapted for the preparation of several 

materials such as Cd, Zn, Sn, CulnS2, FeS2, etc.As well as for obtaining thin films of 

transparent and conductive oxides (SnO2, ZnO, In2O3 ...) [30]. 

"Pyrolysis Spray" is the most common name given to this technique. It consists of: 

pyrolysis and spray.  

- Pyrolysis: comes from pyrolytic and indicates the heating of the substrate. 

There is a thermal decomposition of a source to release a metal or a 

compound. The temperature of the substrate provides the necessary energy, 

called activation energy, to trigger the chemical reaction between the 

compounds. The experiment can be performed in air, and can be prepared in a 

chamber under a vacuum of about 50 torr. 
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- Spray: it indicates the jet of a liquid in fine droplets, launched by a sprayer. 

 Typically, the equipment used in the pyrolysis spray consists of an atomizer, solution 

precursor, heated substrate and temperature controller. In general, the atomizers used 

to produce a spray jet fall into two categories: 

Technique of a pneumatic spray:  in this case, it is the effect of the pressure of the 

carrier gas which causes the liquid to be sprayed into fine droplets. 

Technique of an ultrasonic spray: in this case, the atomization of the liquid is 

produced by ultrasonic waves.  

         In the first case, the jet comes out of the nozzle with an initial speed depending 

on the values of the pressure and the diameter of the nozzle, but it has  disadvantage 

which led  the sizes of the drops  are not homogeneous. Where as, in the second 

process the outlet velocity of the beak is zero but the size of the droplets is very fine 

and homogeneous [31], it is containing sprayed by a 50 KHz ultrasonic generator 

which will be converted at the level of the atomizer into a jet of very fine droplets 

onto substrates that are arranged on a substrate carrier heated to a temperature  that  

allows the activation of the chemical reaction between the compounds. The 

experiment can be performed in air, and can be prepared in an enclosure (or in a 

reaction chamber) under a vacuum of about 50 Torr [15, 30]. 

The description of the films formation by the pyrolysis spray method can be 

summarized as follows [30]: 

      - Formation of the droplets at the exit of the beak. 

     - Decomposition of the precursor solution on the substrate surface by pyrolysis 

reaction.  

I.6.1.1 Deposit solution (source): 

 

The composition of the final solution is determined by the  reagents dissolved in the 

solvent (starting solution) according to the predetermined stoichiometric ratio. As 

precursors, usually inexpensive materials such as nitrates, chlorides and acetates 

which  are used .They are classified in the reactive category. Distilled water or alcohol 
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is often used as a solvent, So we obtain homogeneous solutions, According to 

previous studies , some techniques include preheating the solution. This preheating 

can sometimes be useful and promotes or accelerates the reaction on the substrate. 

This increases the deposition rate and improves the quality of the resulting films 

[32,33,34]. 

I.6.1 .2 Generation of droplets (transport): 

 

         The size and homogeneity of the deposited material can be determined from the 

size of the spray droplets and the concentration of the solution, while its morphology 

can be determined by the concentration and velocity of the droplets produced by the 

atomizers. Concerning the atomization or in the same way as the droplet production 

and their dispersion in the air, several atomization methods have been employed. 

Thus, there are variants like the pneumatic spray method or the air, which  is used as a 

carrier gas as well as the ultrasonic spray method [31]. 

I.6.1 .3 Chemical reaction on the substrate (deposit): 

 

          When the aerosol droplets approach the surface of the heated substrate (200-

600 ° C), under the appropriate experimental conditions, the formed vapor around the 

droplet prevents the direct contact between the liquid phase and the surface of the 

substrate. This evaporation of the droplets allows a continuous renewal of the vapor, 

so the droplets undergo the thermal decomposition and give rise to the formation of 

strongly adherent films.  It is noted that the gas phase decomposition reaction 

occurring on the surface of the substrate is an endothermic reaction which requires 

relatively high substrate temperature to cause droplet decomposition, and gives a rise 

to the film [31]. 
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II.1 Introduction: 

        In this chapter .I will expose in the first part, the main stages of our work which 

are the ultrasonic spray elaboration of  indium oxide thin films and in the second part 

the characterization techniques of this films such as : X-rays diffraction (XRD), 

Scanning Electron Microscopy (SEM), visible UV, four point . These techniques are 

used in order to know the crystallographic, morphological , optical and electrical 

properties of indium oxide films. 

II.2 Elaboration of thin layers of In2O3 by ultrasonic spray: 

         The Ultrasonic Spray technique is based on harnessing the energy of high 

frequency acoustic waves (ultrasound) to split a continuous flow of a liquid into a 

multitude of small droplets (cloud) of uniform size that come out of the beak. In the 

form of a jet. Sprayers intended to operate at relatively low frequencies (a few tens of 

KHz) which  consist of two piezoelectric elements [1]. 

II.2.1 Experimental montage used: 

         It is an experimental bench, made at Physics of thin films and applications 

laboratory of the University of Biskra , thin layer deposition by Ultrasonic Spray. The 

principle device of the deposition system is shown in Figure II.1 
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Figure II.1: The complete devices of the Ultrasonic Spray technique from the University of 

Biskra. 
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The design and  the  role of experimental montage „elements used are shown in the 

following  table : 

 

Table II.1: Elements of the assembly 

 

 

 

 

 

N° 

 

Designation 

 

 

The role of the elements  

1   Ultrasonic 

generator 

It creates a fog by subjecting a solution to a high frequency vibration 

generated by an ultrasonic transducer. This device delivers drops of very 

small diameter. The size of the drops depends on the physical properties of 

the atomized solution and the frequency of the generator. 

 

2 Flow controller 

(The  syringe 

pump ) 

PHOENIX D-CP Syringe Pump is designed to  control spray flow. 

 PHOENIX D-CP double-port syringe pump: 

 The PHOENIX D-CP Syringe Pump is designed to ensure continuous 

infusion of flowable substances. 

 

3 Temperature 

regulator 

 It serves the control  of the temperature. 

4 Resistance It is used to heat the substrate. 

5 Substrate  Holder This is a Joule-heated (iron) plate whose temperature can be regulated by a 

digital temperature controller that is connected to a thermocouple. This 

temperature set can be fixed at 400 ° C. 

6 Thermocouple It is a device for measuring the  temperature. 

7 Atomizer It is the location where the transformation of the solution into droplets 

takes place. 

8 Substrate It is a substrate for depositing  thin films  
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II.2.2.Experimental procedure: 

II.2.2.1 Experimental conditions: 

The ultrasonic spray is a deposit process that depends on various conditions such as: 

The properties of the precursor, concentration of the solution, distance between the 

nozzle and the substrate, nature of substrate , the deposition time and substrate 

temperature (these remain the main parameters influencing the quality of the films).In 

this work  the experimental conditions coordinate with   the deposition parameter 

studied. It is presented that as the following: 

a) Growth rate influence (flow rate): 

A 0.1 M of indium chloride InCl3 (Merk, 99.9) is dissolved in  methanol  and 

sprayed onto heated glass substrates at 400 
0
C. Firstly, In this work, we fixed 

the distance between spray nozzle and substrate at 5 cm. Furthermore, the 

deposition time was fixed during the spray process in atmospheric pressure at 

2 min and we were changed only the growth rate which based on the change 

of the solution flow rate (20,30,40,50 and 60ml/h) ; that was controlled by 

(Syringe pump PHOENIX D-CP).  

b) Influence of indium acetate (different molar concentrations): 

 In2O3 films were prepared by spray technique using indium acetate  

(C6H9InO6) which is dissolved   in 30 ml (5 ml distilled water and 25 ml acetic 

acid (C2H4O2) ) and is sprayed onto glass substrates heated  at 400 
0
C. In this 

work, the films are prepared with different molar concentrations that vary 

between 0.025 M and 0.125 M with conserving all of these following 

parameters constant where the distance between spray nozzle and substrate 

equals to 5 cm, the time fixed is 6 min during the spray process in atmospheric 

pressure and solution flow rate 50 ml/h.  

 

c) Influence of the substrates: 

The films were sprayed onto different substrates (Glass / Corning glass /  

Indium tin oxide  (ITO) /  monocrystalline silicon (Si))  which are heated at 

400 
0
C. The solution is an indium chloride InCl3 dissolved in ethanol with 0.1 

M which is deposited by spray ultrasonic with fixing the distance between 
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spray nozzle and substrate at 5 cm. Furthermore, the deposition time was fixed 

during the spray process in atmospheric pressure at 6 min. 

d) Effect of doping: 

Depending on previous studies in terms of characteristics and cost, as well as 

the health of the experimenter . As consequence , the un-doped and doped  

indium oxide films with various  antimony (Sb) and molybdenum (Mo) 

concentrations  were deposited by spray technique using 0.1 M with indium 

chloride InCl3  as solution and  Antimony (III) chloride SbCl3  as dopant  with 

Sb and Ammonium molybdate 4-hydrate (NH4)6 Mo7O24.4H2O which are 

dissolved in ethanol C2H5OH and it  is sprayed onto glass substrates heated  at 

400 C.  All the films are prepared with parameters constant such as : distance 

between spray nozzle and substrate equals to 5 cm , the time fixed is 6 min 

during the spray process in atmospheric pressure and solution flow rate 50  

ml/h with varying in the concentration of  Sb  dopant (2 -4-6-8 Wt.%) and Mo 

(1 -2-3-4 Wt.%). 

 

II.2.2.2 Choice of the deposit substrate: 

      The indium oxide films (In2O3) studied are deposited on glass substrates (solid 

glass) in the deposition parameters such as : flow rate, different  molar concentration 

,effect of doping  but in the other parameters the  indium oxide films (In2O3)  are 

deposited on  corning glass (this layer named as In2O3 / Co. glass) , ITO substrate 

(this layer named as In2O3 / ITO) and monocrystalline silicon (this layer named as 

In2O3 / Si).  

- The choice of glass as a deposition substrate has been adopted because of a good 

agreement of thermal expansion which  presents with the In2O3 (αIn2 O3 = -20.10
-7

 °C
-1

,   

αverre =85.10
-7

K
-1

) in order to minimize the stresses at the substrate layer interface and 

for economic reasons , good transparency that fits well and for the optical 

characterization of films in the visible range . 
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II.2.2.3 Cleaning of substrates: 

      The substrates are glass solids of square surface and thickness equal to 1 mm, cut 

by a diamond point pen as shown in the following figure:  

 

 

                                                                         

 

 

 

 

 

Figure II.2: Cut glass substrates using a sharp pen 

        Before the deposition operation, it is necessary, as in all surface treatments, to 

proceed with the preparation of the substrate to ensure adequate adhesion and good 

uniformity (constant average thickness) of the layer deposited on the substrate to 

make the surface of the substrate very clean and free of impurities. The substrates 

undergo a cleaning decontamination of surfaces (grease, dust, etc.) according to the  

following steps: Firstly, the substrates were cleaned with distilled water then dipped 

in acetone. Secondly, they‟re cleaned with distilled water and were kept in methanol. 

Finally, the substrates were rinsed several times with distilled water then they left to 

dry in a hot air.  

 II.2.2.4 The adhesion test:  

       The adhesion test for thin films is an interesting steps ; It is an essential parameter 

in the reliability of the deposited films, there are two methods : the test which  

damages the films  "destructive methods", and the other  which  keep the films  intact 

"Non-destructive methods" . But these type are expensive material and we don‟t have 

them . For this , we used the simple adhesion tests such as ;  the stick tape test  which 
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sees the films that  adhered well  the substrate. In this work, all the films was very 

well bonded to the substrate and this allowes us to continue our study.  

II.2.2.5   Film thickness : 

       Film thickness is determined by many methods like the optical method which 

used the interference fringe , and through the perpendicular section of this thin layer  

from the SEM micrograph(Explain later) and the gravimetric method  according to the 

relation d = m / (ρ S) where (S) and (ρ) are respectively the surface and the density of 

the thin layer studied. 

II.3 Characterization Techniques: 

        The purpose of this part is to expose the characterization techniques of thin films 

in order to know the properties of deposited films. 

II.3.1 Structural characterization methods: 

II.3.1.1. X-rays diffraction: 

         X-ray diffraction is an ideal analytical technique for the study of samples 

crystallized solids. In metallurgy of powders or single crystals, it is customary to 

analyze the structure of materials through X-rays diffraction. In addition, it found the  

measure of  the lattice  parameters and crystalline size . It must also make it possible 

to examine the state of deposits stress.    X-rays, like all electromagnetic waves, cause 

a displacement of the electron cloud with a respect to the nucleus in the atoms; these 

induced oscillations cause re-emission of electromagnetic waves of the same 

frequency; this phenomenon is called Rayleigh scattering. The wavelength of x-rays 

being of the order of magnitude interatomic distances (some angstroms) and the 

interferences of the scattered rays are alternatively constructive or destructive. 

According to the direction of space, we have a large flow of X photons, or on the 

contrary very weak; these variations according to the directions form the phenomenon 

of diffraction X. This phenomenon was discovered by Max von Laue (Nobel Prize in 

1914), and extensively studied by Sir William Henry Bragg and his Sir William 

Lawrence Bragg's son (Nobel prize in 1915).    Diffraction of an X-ray radiation by a 

crystal using the Bragg-Brentano goniometer method gives a diffractogram 

representing the intensity of the lines as a function of the detection angle 2θ.  



CHAPTER II :  ULTRASONIC SPRAY ELABORATION AND CHARACTERIZATION TECHNIQUES FOR INDIUM OXIDE FILMS 

 

29 

 

The measurement of the diffraction angles allows an easy access to inter-reticular 

distances and highlighting preferential crystalline orientations [2,3].  

 

The diagram of the apparatus is presented  in the figure II.3:  

 

 

Figure II.3: Principle of two-circle diffraction [ 5]  

The Bragg equation may be obtained geometrically, which is visualized in figure II.4 

 

Figure II.4: Bragg's law giving the directions where the interferences are constructive [4] 

If we calculate the directions in which we have the signal , A rewrites [4]: 

2 d sin (θ) = n.λ                                                 (𝐈𝐈 − 𝟏) 
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Where:  θ is half of the deviation, n is an integer called "diffraction order", and  λ  is 

the wavelength of the X-rays.  

        And as long as the crystallographic planes can be identified by the Miller indices 

(h k l), we can index the diffraction peaks according to these indices. Thus, each 

material will be characterized by  series of peaks which correspond to the reflections 

due to its various atomic planes. The analysis which is carried out using the American 

Society for Testing and Materials (ASTM) sheets which containing the crystalline 

structure of each material with all the lines (as a function of the angle θ) and their 

relative intensities. In our study, we used a type BRUKER-AXS type D8 

diffractometer X-rays which produced from a copper-anode CuKα radiation source 

with a wavelength of  λ = 1, 54183A °.  

 The lattice parameters (a = b = c) have been determined by equation [6]:  

𝒂 = 𝒅  𝒉𝟐 + 𝒌𝟐 + 𝒍𝟐 𝟏/𝟐                                      (𝐈𝐈 − 𝟐) 

Where  d  is the lattice spacing of the crystal planes (Miller indices)(h k l). 

The crystallite size of the different samples was determined from the diffraction 

spectra. In order to ensure these grain size values of our films, we used Scherrer's 

relationship [7]: 

   𝐃 =
(𝟎,𝟗.𝛌)

𝑩. 𝐜𝐨𝐬𝛉𝐡𝐤𝐥
                                                    (𝐈𝐈 − 𝟑) 

Where  D  is the average size of the crystallites ([D] = nm), 

           B: Full width half maximum    (FWHM )  

           θ: is the diffraction angle in degrees 

           λ: is the wavelength of the X-rays beam (A °). 
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 Figure II.5:Illustration showing the definition of grain size from the X-ray diffraction   

curve[8]. 

 

          The mechanical strain in the films depends on two main influences which 

appear in metal oxide films [9]. The first one is the variation in the coefficients of 

thermal expansion of growing film materials and its substrate. The second is the 

deflection of the growing film composition from stoichiometry which lead to the 

formation of the strain in the lattice of films. The microstrain 𝛆 in the films is also 

correlated with (FWHM) by [10]: 

 

𝛆 =
𝛃

𝟐 𝐭𝐚𝐧𝛉
                                                   (𝐈𝐈 − 𝟒) 

 

             Where 𝜃 is the angle of Bragg and  β  is the full width at half maximum 

(FWHM). 

       Other effects influenced in the physical and mechanical properties of 

nanocrystalline materials which are dislocations: linear defects propagated in the 

plastic microstrain in the crystal  lattice  during their displacement. So, the value of 

the dislocation density (δ) which gives the defect numbers in the film was calculated  
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from the crystallite size values D   by the relationship [11]: 

 

𝛅 =
𝟏

𝐃𝟐
                                             (𝐈𝐈 − 𝟓) 

 

II.3.1.2 Scanning electron microscopy (SEM): 

         Scanning Electron Microscopy (SEM) is one of the most powerful techniques 

for the observation of texture and also  the study of the optical quality of the  thin 

films surface . This technique is non-destructive and allows superficial observations 

with a resolution of a few nanometers a very large depth of field. Its great advantage 

is the diversity of information provided [12]. It gives information on morphology 

(shape, size, particles arrangement ), topography (determination of surface defects, 

texture), differences in composition, orientation crystalline and the defects‟ presence. 

This technique can also allow us to determine the thickness of a thin layer, using a 

representation of the perpendicular section of this thin layer [13]. 

Its principle is based on the electron-matter interaction that results from the 

bombardment of the sample by an electron beam. The latter is generally produced by 

an electron gun raised to a high voltage (a few tens of kV). The schematic 

presentation of the principle is illustrated in Figure (II.6). The surface of the sample is 

scanned line by line by an electron beam using an electronic lens system. The beam 

diameter varies from 30 to 200 Å depending on the acceleration voltage applied to the 

electrons [14]. 
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Figure II.6: Schematic of the electron optics constituting the SEM [20]. 

SEM is a technique based on electron interactions - matter. These electrons that 

irradiate the surface of a sample penetrate into the material and affect a volume called 

"Scattering pear" (Figure II.7). The reemitted photons are replaced by everything a 

spectrum of particles or radiations such as secondary electrons, backscattered 

electrons, Auger electrons or X-rays. These different particles or radiations bring 

different types of information  about the sample. 
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Figure II.7   Scattering  pear   [15] 

       Through the perpendicular section of this thin layer , The thickness of the thin 

layers can be measured directly from the SEM micrograph, using software called a 

Visiometer (Figure II.8).  

 

 

 

 

 

 

 

 

 

Figure II.8: Direct measurement of the thickness of the In2O3 layer from the obtained image 

by SEM. 
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        The chemical composition of a sample can also be determinated by  a  Energy 

Dispersive X-Ray Spectroscopy (EDS), a device connected to the SEM , The X-

radiation emitted in the vicinity of the surface during the rearrangement of the 

electronic train which is characterized by the energy dispersion analysis method. 

When an electron of the inner layers is torn off by the electron beam, it leaves a 

vacant place. An electron of the upper layers can then move on it, in this case, there is 

emission of a characteristic radiation to the excited atom.  

E = h ν = EK-EL                                     ( II-6) 

         The analysis of this radiation makes it possible to know the nature of the 

elements constituting the material. In addition, the detected emission being 

proportional to the quantity of the element presented in the sample it is, therefore , 

possible to carry out a quantitative analysis in parallel. The analysis must be carried 

out under rigorous conditions, it is necessary to carry out a correction which takes into 

account an atomic number, matrix effects, fluorescence effects. All these corrections 

are directly taken into account by the operating system [12].  

II.3.2 Optical characterization method: 

II.3.2.1 UV-Visible spectroscopy: 

         The fields of spectroscopy are generally distinguished according to the 

wavelength range in which the measurements are made. The areas that can be 

distinguished like  ultraviolet-visible, infrared and microwave. In our case, we have 

used a dual-beam recording spectrophotometer, whose operating principle is shown in 

(Figure II.9), by which we could plot curves representing the variation of the 

transmittance, depending on the length In the field of UV-Visible and near infrared 

(200-800nm). By exploiting these curves, it is possible to estimate the thickness of the 

film and determine its optical characteristics such as optical absorption, absorption 

coefficient, bandgap  width, Urbach energy and refractive index [16]. 
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Figure II.9: Schematic representation of the UV-Visible spectrophotometer [16]. 

 

          The spectra obtained gives the relative variation of the transmittance T (%) of 

the film as a function of the wavelength λ (nm). And from this spectra we can 

determine :  Bandgap , Disorder, Refractive index. Which uses  the following 

methods: 

           The determination of the optical gap is based on the model proposed by Tauc 

where Eg is related to the absorption coefficient α by[17]: 

(𝛂𝐡𝛎)𝟐 = 𝐀 𝐡𝛎 − 𝐄𝐠                                ( II-7) 

Where,  α  is an absorption  coefficient,  A  is a constant,  h  is the Planck constant and  

Eg is  the energy band gap of the semiconductor which was evaluated by proposing a 

direct transition between  the valence and  the conduction bands;  by the extrapolation  

of  the  linear  region to (𝛼ℎ𝜐)2 = 0. 
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Figure II. 10 : Determination of the optical gap according to the Tauc method for a thin layer 

of In2O3. 

           The formation of band tails due to the localized states which appear near the 

bands edges, and this leads to the disorder in film lattice because Ultrasonic pyrolysis 

Spray is a deposition method in which the film growth by condensation. In this 

situation the atoms arriving on the substrate can stick to the point of their landing. 

Consequently, the atoms in the film network are not generally in an ideal position, 

hence, the appearance of the gaps in the width of the In-O bond. In this case, the band 

edges described in the case of crystalline networks and delimited by a valence band 

(Ev) and a conduction band (Ec)  which can disappeared (figure II.11). 

 

 

 

  

 

 

Figure II.11: Function of distribution of the energy states in the bands.  
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       It is ,therefore, possible to deduce the disorder from the variation of the 

absorption coefficients. The absorption coefficient is linked to the disorder by  

law[17]: 

𝜶 = 𝜶𝟎 .𝐞𝐱𝐩( 
𝒉𝝊

𝑬𝟎𝟎
 )                                ( II-8) 

  Where, α0 is a constant and E00  is the band tail commonly urbach tail or disorder 

energy, it is calculated from the slope of  Ln(α)  versus photon energy (hv).    

𝐥𝐧𝜶 = 𝐥𝐧𝜶𝟎    + 
𝒉 𝒗

𝑬𝟎𝟎
                                 ( II-9) 

As  it is indicated in the following figure: 

 

 

 

 

 

 

Figure II.12: Determination of Urbach energy . 

      For another parameter .The refractive index can also be evaluated. Numerous 

studies suggest that there is a direct correlation between the refractive index and the 

optical reflectance. The refractive index (n) is calculated using relationship is as 

follows [18]: 

𝐧 = 𝟏 + 𝑹𝟏/𝟐/𝟏 − 𝑹𝟏/𝟐                                 (  II-10) 

R is the optical reflectance. 

      The extinction coefficient (k) can be calculated from the relation [19]: 

                   K = α λ / 4𝝅                                             ( II-11) 
Where, α is the absorption coefficient. 
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II.3.2.2 Photoluminescence spectroscopy 

         Luminescence refers to the emission of light by a material through any process 

other than blackbody radiation. The term Photoluminescence (PL) narrows this down 

to any emission of light that results from optical stimulation. 

In PL, the energy earned by a material through absorbing light at some wavelength by 

transmission an electron from a low to a high  energy level. It is made by the 

transition of the atom or the molecule from the founded state to an excited state , or 

from the valence band to the conduction band of a semiconductor crystal with 

electron-hole pair creation. The system then submits a nonradiative internal relaxation 

relating interaction with crystalline or molecular vibrational and rotational modes, and 

the excited electron moves to a more stable excited level, such as the bottom of the 

conduction band or the lowest vibrational molecular state. (See Figure II.13.) 

 

Figure II. 13:  Schematic of PL from the standpoint of semiconductor or crystalline systems 

and molecular systems[20]. 

If the cross-coupling is strong enough this may include a transition to a lower 

electronic level, a lower energy indirect conduction band, or a localized impurity 

level. A common occurrence in insulators and semiconductors are the formation of a 

bound state between an electron and a hole (called an exciton) or involving a defect or 

impurity (electron bound to an acceptor, exciton bound to a vacancy, etc.). 

In the excited state, After the characteristic lifetime depended by the system  which 

may last from picoseconds to many seconds, the electronic system will return to the 
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ground  state. The incident light is shorter than that of The wavelength of this 

emission .This emitted light is detected as photoluminescence, and the spectral 

dependence of its intensity which is analyzed to provide information about the 

properties of the material. The time dependence of the emission can also be measured 

to provide information about energy level coupling and lifetime.In the range 0.6- 6 eV 

(roughly 200-2000 nm) the light involved in PL excitation and the emission usually 

falls. A lot of electronic transitions of interest lie in this range, and the efficient 

sources and detectors for these wavelengths are available. The emission spectrum that 

is characterized by the intensity, line shape, line width, number, and energy of the 

spectral peaks  is given by scanning a range of wave  lengths  .Several spectra may be 

taken as a function of some external perturbation on the sample, such as temperature, 

pressure, or doping variation, magnetic or electric field, or polarization and direction 

of the incident or emitted light relative to the crystal axes and that depending on the 

desired information, The PL spectrum provides information about the nature of 

defects as vacancies, interstitial atoms or impurities in the network.  

II.3.3  Infrared Spectroscopy: 

          Fourier Transform Infrared Spectroscopy, FTIR, is one of the methods for 

measuring the frequencies of the vibrations of chemical bonds between atoms in 

solids. It is the most commonly used and inexpensive. As one of the few techniques 

that can provide information about the chemical bonding in a material, it is 

particularly useful for the non destructive analysis of solids and thin films. The 

wavelength region of 1 to 100 μm in that extends the region of the visible light to a 

longer wavelengths and a smaller frequencies/energies. The principles of IR 

spectroscopy are like the principles spectroscopic techniques as VIS/UV 

spectroscopy. The transitions of valence electrons are not induced by the energy of 

infrared light because it is insufficient but these radiations can be excited to 

vibrational and rotational motions in molecules. 
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Figure II. 14: Diagram of a Fourier Transform Spectrometer. 

 

        The molecules of matter have bonds which is moving around and vibrating with 

stretch motions or bend motions where that the change in inter-atomic distance along 

bond axis is called Stretching  and  the change in the angle between two bonds  which 

is  called Bending  .These latter Vibrations have  four types of bend: rocking, 

scissoring, wagging and twisting. 

        The detector signal appears as an interferogram, i.e:  a signature of the intensity 

as a function of the position of the mirror. The interferogram is the sum of all the 

frequencies of the beam. The analyst requires a frequency spectrum (a plot of the 

intensity at each individual frequency) in order to make an identification, the 

measured interferogram signal can not be interpreted directly. A means of “decoding” 

the individual frequencies is required. This can be accomplished via a well-known 

mathematical technique called the Fourier transformation. This transformation is 

performed by the computer which then presents the user with the desired spectral 

information for analysis.  
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Figure II. 15:  Interferogram at the output of the detector and example of infrared spectrum 

of one of the films . 

The information drawn from the spectra is of two types: 

Qualitative information type: The wavelengths in which the sample absorbs are 

characteristics of the chemical groups presented in the analyzed material where all the 

characteristic vibration bands are  according  frequency vibration 

Quantitative information type: The intensity of absorption at the characteristic 

wavelength is related to the concentration of the chemical group responsible for 

absorption by measuring the area of the characteristic signal  is possible. 

II.3.3  Electrical characterization: 

          The electrical resistivity can be measured by several methods have been 

developed. We have focused on   the so-called four-point method in this work  which 

can be used for either thick material or thin layer deposited on an insulating substrate 

or isolated by  junction. We apply the four points aligned with the film deposited on 

an insulating Pyrex substrate, the gap between the points being 1 mm (Fig II.16). The 

two external points (1,4) are used to inject a current i , the other two points (3,2) are 

used to take drop of  the potential ΔV. 
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Figure II.16: Four-point method [21]. 

The samples used  are two-dimensional with  the thickness    w  ,it is small compared 

to  s. ( the distance  between the boards  is much greater than the thickness ).The 

current density at a distance  r  from the tip is: 

    J=
𝒊

𝟐𝝅𝒓𝒘
                                             (II-12) 

The potential drop between r and r + dr is : 

dV=
− 𝝆 𝒊

𝟐𝝅𝒓𝒘 
 dr                                         ( II-13) 

ρ : the resistivity 

And finally,  according to the superposition theorem: 

𝝆 =  
𝝅

𝑳𝒏 𝟐
 𝒘

 ∆  𝑽  

𝒊
= 𝟒.𝟓𝟑 𝒘 

 ∆  𝑽  

𝒊
          ( II-14) 

The resistance by square R is therefore: 

Rs = 𝟒.𝟓𝟑 𝒘 
 ∆  𝑽  

𝒊
=  

𝝆

𝒘
                            (  II-15) 

From this equations can then deduce the conductivity of the films as follows: 

                              𝝇 =  
𝟏

𝛒
       (  Ω-1 

cm
-1 

)                        ( II-16) 
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III.1  Introduction: 

        The electrical conductivity of In2O3 films is due to transport of electrons. The 

high n-type conductivity detected in In2O3 films results from their anion paucity 

which is usually shown in the form of oxygen vacancies in the crystal 

network.However, when In2O3 film is perfectly stoichiometric, it can only be an ionic 

conductor. Such materials are not important as transparent conductors because of the 

high activation energy desired for ionic conductivity. In fact,the In2O3 films used for 

transparent conductors are barely perfectly stoichiometric. The previous explanation 

reveals a way to better the electrical properties of the In2O3 films, i.e. to prevent more 

oxygen incorporating into the films at  the film growth process, but  this  is very 

complexed for the films deposited by ultrasonic spray process because the presence of 

O2 molecular can not be avoided. 

             In order to prevent the incorporation of the oxygen molecular in the film 

network, we have increased in the value of the growth rate of these films [1] by 

increasing the quantities of the solution sprayed on the heated substrate. Furthermore, 

we have studied the influence of the growth rate on the films’ textural,morphological 

,optical and electrical properties. 

III.2. Growth rate: 

        Fig.1 shows the growth rate variation as a function of solution flow rate and the 

films thickness change is given in the inset figure. The growth rate is estimated from 

the ratio of film thickness on the deposition time. As can be seen, the growth rate 

increases with the increase of solution’s flow rate due to the increase of the volume 

solution sprayed on the substrate from 20 to 60 ml/h; however, it is interesting to note 

that the growth rate increases slightly at the beginning which indicate that the rate of 

horizontal growth in this case is faster than the perpendicular growth of the In2O3 

film.
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FigureIII. 1.Growth rate as a function of solution flow rate and inset shows the film thickness   

dependence on solution flow rate

III .3 Structural properties: 

          Fig.2 shows the XRD patterns for In2O3 thin films grown at various growth rate. 

It is clear that the In2O3 thin films reveal polycrystalline structure with various  

orientated crystalline planes such as (222), (321), (400), (411), (156),(611),(440) and 

(622) which is agreed with the JCPDS card (n° 06-0416). However, there is a 

preferential growing competition between (222) and (400) planes, this indicates that 

the growth rate has important  effect on the growth mechanism of the In2O3 films 

deposited by spray ultrasonic process. The influence of growth rate on the 

predominant growth orientation of the films evaluated by the peak intensity ratio 

I(400)/I(222) (see figure 3). Fig.3 shows that the I(400)/I(222) increases with rising in 

the growth rate.Thilakan and all[14]found that the preferred orientation changed from 

(222) to (400) with the augment of the growth rate. Also, they have proved that 

I(400)/I(222) increases with the increasing of deposition time [2]or with the film 

thickness increase [3].The values of the peak intensity ratio obtained in this study 

indicate that the films grown to a high growth rate possess a high degree of texturing 
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along the [100] direction. Although, the high surface free energy in the bixbyite 

structure is found in (100) texture[4]. This is owing to the quantity of oxygen in the 

film network, whereas increasing the growth rate reduces the accumulation of the 

oxygen in the films; this means that it represses more oxygen into the films during the 

film growth process[4], which will permit the presence of  the preferred growth of 

(400) grains.In general, the change of the oxygen concentration in the films influences 

in the intensity of the films orientations .Sundry  studies revealed that the decrease of 

the oxygen concentration in the In2O3 films represses the intensity of the (222) 

orientation  and motivates the (400) orientation of  the In2O3  films[ 5,6,7].According 

to the characteristic peaks that appeared in XRD patterns, we can confirm that the 

cubic bixbyte structure of the prepared films have a lattice parameter smaller than the 

reported value 10.118 Å for pure indium oxide [8].This indicates the compression of 

unit cell volume which in turn reveals the presence of stress in all the films. When 

growth rate increases, the lattice parameter was found to increase impending near the 

value of pure indium at high growth rate. The expected reason for this is the 

increasing of the oxygen vacancy in the films. 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER III : GROWTH RATE INFLUENCE  ON INDIUM OXIDE THIN FILMS  

 

49 
 

 

 

 

 

 

 

 

 

 

 

Figure III. 2 XRD pattern of In2O3 thin films deposited with different growth rates 
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Figure III. 3  The Influence of  the preferred orientation intensity with the film 

growth rate. 

           The full width at half maximum (FWHM) of  XRD line may be because of the 

crystallite size or the microstrain, whereas the crystallite size (D) of the In2O3 films is 

associated with (FWHM)  by the classical formula  of Scherrer  [9]. Table.1. reports 

the variations of the crystallite size.The crystallite size of the films was found in the 

range of 26– 32 nm.We have observed that the crystallite size is increased with the 

increasing of the growth rate which can be attributed to the amelioration of 

crystallinity. Also, when we increasing in the growth rate,the film formation process 

is fast yielding and the autographed amalgamation of droplets of solution above the 

substrate is due to the increased capacity of adatoms to move towards stable sites in 

the network. This means that best nucleation, larger crystallite size are formed from 

it[10].However, it is clear that the increasing of crystallite size is very slight; the 

growth of In2O3 crystallite almost stops.This can be  imputed  to  the fixed-increase of 

crystallite size with the rise of the film thickness up to 221 nm. G.Korotcenkov and all 

found the similar observation; when (D) is up to  more than 30–35 nm, the growth of 

grains breaks off [3]. 
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Figure III. 4.Microstrain ɛ as a function of growth rate. 

 

          The mechanical strain in the films depends on two main influences which 

appear in metal oxide films [11]. The first one is the variation in the coefficients of 

thermal expansion of the materials of growing film and substrate. The second is the 

deflection of the growing film composition from stoichiometry 

which lead to the formation of the strain in the lattice of films.The microstrain𝛆in the 

films is also correlated with (FWHM)  [12]. 

Fig.4 shows the microstrain of two delegate orientations as a function of 

growth rate.We have observed that the microstrain generally decreases with the 

increase of growth rate (film thickness), and we have noted that the microstrain of 

(400) orientation is always smaller than that of (222) orientation. Similar results 

shown that generally the microstrain rises with increasing in the distortion of lattice. 

This is physically reasonable because of the great oxygen interstitials which are 

incorporated in to the crystal lattice and the microstrain  leading to larger of lattice 

distortion . In addition, it is observed that the big lattice distortion for the (222) 

orientation is compared with the other orientations[13]. 
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Table III. 1. Grain size, lattice parameter, optical band gap and disorder energyof In2O3 thin 

films as a function of the growth rate. 

 

 

Other effects influenced in the physical and mechanical properties of nanocrystalline 

materials which are dislocations: linear defects propagated in the plastic microstrain  

inthe crystal  lattice  during their displacement. So, the value of the dislocation density 

(δ) which gives the defect numbers in the film was calculated from the crystallite size 

values  D   [14]. The dislocation density values were reported in Table .1. As we can 

see,the dislocation density decreases generally with the growth rate increasing in the 

two orientations. This may be due to the improvement of the films structure. 

 

III.4 Surface morphology:  

         The surface morphology of In2O3 films are shown in Fig.5. We have observed 

that all the films have a homogeneous surface and relative roughness. Generally, the 

morphology does not change significantly  except for the last film which is deposited 

at high growth rate (4.29 nm /s ). It exhibit a dense inner structure with a lot  of 

agglomerates up to the surface of the film. As we can see, the growth rate is lower 

than (4.29 nm /s ), the shape of the grains in the thinner films is similar approximately 

to that reported for the thicker films with increasing in the growth rate, i.e., the  grain 

size on top of the film does not change approximately. This result supports the XRD 

observations, but in the film deposited at 60 ml/h, we have observed that the 
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agglomerates of very fine particles due to the high amount of solution. The cross-

sectional microstructure of the In2O3 has been detected by scanning electron 

microscopy (SEM) are shown in Fig.6. the grains grew in the through –thickness 

direction Fig.6.a but in an increases growth rate which can be seen in Fig.6.b that 

there is very clear columnar structure that corresponding with structural study where 

in the low growth rate, it is  observed randomly orientation in the film growth but 

after that it is noticed the determination of preferential orientation in the film growth.  

EDS analysis of the In2O3 thin film deposited at growth rate (2.55 nm /s )show that 

the film is composited from O and In atoms in addition to Si which comes from the 

substrate(see figure 7). 

 

 

 

 

 

 

 

 

 

Figure III. 5. SEM surface images of the In2O3 thin films deposited at various growth rate.(a 

:1.728 nm/s ,   b:1.856 nm/s ,  c: 2.554 nm/s , d:2.801nm/s,  e:4.291nm/s ) 

 

 

 

 

 

 

Figure III. 6  SEM micrographs of  the cross section of In2O3 as a function growth rate (a) 

1.728 nm/s ,(b) 2.801 nm/s .
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Figure III. 7.  EDS analysis of the In2O3 thin film deposited at 2.554 nm/s. 

 

III.5. Optical properties. 

 

 

 

 

 

 

 

 

 

 

 

Figure.III .8. Optical transmittance spectra of In2O3 thin films as a function of growth rate. 
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          The transmittance spectra in UV–visible region of the prepared In2O3 films are 

shown in Fig.8. We note that the growth rate affects the optical transmittance, 

whereas in the film deposited at low growth rate (1.728 nm/s), the transmittance is 

lower than the others except 4.291 nm/s although  it  has the smallest thickness. This 

result opposes with the previous different studies where they found that the lower 

thickness has height  transmittance[15]. We can explain our result depending on the 

structure and the morphology of the films, whereas this sample has poor crystallinity 

and random orientation thickness as presented in Fig.5. This leads to more light 

scattering [16,17,18] .  

The energy loss due to light scattering and the microstrain is higher than other films; 

thus, it renders  low optical transmittance.Furthermore, the optical transmittance in the 

rest of the films is higher than the last. Enhanced light transmitting due to continuous 

grain growth which is the best crystallinity films and of a reduced microstrain’s 

effects, but in the high growth rate 4.291 nm/s, we have seen that the transmittance is 

smaller than all the films; it can be explained by the thickness of the film.It was found 

that there isan inversely relation between the transmittance and the thickness of the 

films. We have concluded that the films have structural homogeneity and the best 

crystallinity leading to less light scattering effects and higher transmittance. 

Moreover, with the increasing of the growth rate the absorption edge was moved to 

greater wavelengths suggesting the decrease of the energy band gap in the films. 

          The energy band gap  Eg  was calculated by relationship [19]. It is  the energy 

band gap of the semiconductor which was evaluated by proposing a direct transition 

between valence and conduction bands.  

Fig.9 shows the typical variation of the quantity (𝛼hν)
2
 as a function of photon 

energy, inset shows the optical band gap energy as a function of growth rate. As we 

can see there is a decrease in the values of the optical band gap from 3.93 to 3.62 eV 

with an increase in the growth rate. It may be due to 

the increase of the lattice parameter. It is well-known that the various factors such as 

grain size, carrier concentration, presence of impurities, deviation from stoichiometry 

of the film and lattice constants change the Eg value[20].Additionally, the film  
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Figure III. 9. Typical variation of the quantity (𝛼hν)
2
 as a function of photon energy, inset 

shows optical band gap energy with various  growth rates. 

 

thickness increases resulting in a reduction of the band gap due to the localized states 

in the band structure which may amalgmate with the band edges given in the literature 

[21,22,23]. Furthermore, it is  interesting to note  that a high value of  band gap can be 

correlated with the preferential orientation of the (222) plane. Similar behaviour in 

spray deposited In2O3 thin films where there is a high value of optical band gap 

whichis obtained in the films deposited at low growth rate, whereas the peak (222) is 

the preferential orientation . 
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           The band gap is related to the oxidation of the components  due to the oxygen 

concentration of the films in oxide semiconductors[22]. 

The formation of band tails due to the localized states which appear near the bands 

edges,  and this leads to the disorder in film lattice showing in inset  Fig. 9.In the low 

energies range, the photons are absorbed by these band tail states . 

            Fig .10 shows the disorder energy values variations with the growth rate. The 

enhancement in the disorder energy values with the variation of growth rate which is 

changed due to the film growth mechanism, whereas at low growth rate the droplets is 

arrived slowly on surface substrate then they occupy a favorable site  and organize 

themselves formally. However in high growth rate,the formation of the films are 

quickly leading to more disordered lattice. We also observe an inverse relation 

between the band gap and band tail as it shown in Fig .10. This is clear physically at 

the enhancement in the band tail that leads to the reduction of band gap presented in 

inset Fig .9.  
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Figure III .10.Variations of the optical band gap and disorder in thin films as a function of 

the growth rate.  
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Figure III. 11.  Electrical resistivity of  In2O3 thin film with various growth rates. 

 

III.6.  Electriecal properties: 

            Fig.11 shows the electrical resistivity (𝜌) as a function of the growth rate. The 

resistivity decreases with the increase in the growth rate.This is due to  the quantity of 

oxygen in the films because  as was  noted  already that the lower oxidation due to the 

deficiency of oxygen quantity in the films causes an increasing growth rate.It is 

common and  physically reasonable that in oxygen deficient films,  the carriers are 

resulted by the oxygen vacancies and the edge of conductivity band are formed by the  

defect of oxygen vacancies and/or in  interstitials  levels.Consequently, these impurity 

levels are responsible for low resistivity. Another reason leads to the  decrease of 

resistivity values that can be attributed to the improvement of the crystallization; 

however in our case, we believe that the improvements in the crystalline state don’t 

affect the electrical properities because the growth of In2O3 crystallite almost stops as 

we said in The XRD results.  On the other hand, it was observed  that the resistivity  

of  the films with (400) preferred plane is lower than the (222) preferred plane 

[11,23].  
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III.7 . Conclusions:  

           Indium oxide thin films are prepared by ultrasonic Spray technique onto glass 

substrates.An investigation of the influence of the growth rate on films properties is 

carried out. X-ray diffraction studies indicated that the nature of films is 

Polycrystalline,  while the predominant  plane  in the  film  changes  from  normally  

occurring  (222)  plane  to  (400) plane. It is  very  sensitive to growth rate and the 

microstrain generally decreases with an increasing growth rate. As we have noted that 

the microstrain of (400) orientation is always smaller than that of (222) orientation 

and the dislocation density decreases with the growth rate increasing. These results 

indicate an improvement in the structural films. SEM images show that the films have 

homogeneous surface that is relatively rough. The morphology does not change 

significantly except for the last film with a change in the preferential growth 

orientation. As we found that the variation of the growth rate affected the optical 

properties of the films, whereas the films homogenous in structure and of the best 

crystallinity lead to less light scattering effects and a higher transmittance (about 

80%in the visible region).   The increase in growth rate leads to a decrease inthe 

optical gap( from 3.93 to 3.62 eV) , and the electrical resistivity ranges from 20 to 5.5 

(10
-2

 Ω Cm ). 
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IV .1 Introduction: 

         Indium oxide is one of transparent conductive oxides (TCOs) ,  the properties of 

indium oxide films are related to preparation conditions and processes parameters like 

substrate temperature [1], flow rate [2], annealing [3], solution concentration [4], 

temps of deposition [5], and doping [6]. Moreover, the variety of the precursor 

solutions to prepare the In2O3 thin films; the initial materials used are usually InCl3 

[7,8], sometimes InNO3 [9,10] and rarely indium acetylacetonate (In-acac) [11]. In 

this work, indium acetate is used as precursor by ultrasonic spray method. 

         The main aim of this work is to obtain In2O3 films with suitable properties for 

optoelectronic   application can be  used  as transparent  conductive  oxide  (TCO)  

thin  films in order to  reduce  the  losses  during photovoltaic conversion, through 

studying the effect of  molar concentration with  very small values  varying from 

0.025M to 0.125M to reduce the fabrication cost and make it economically more 

viable. The effect of these parameters on structural, optical and electrical properties of  

In2O3 films has been investigated. 

 

IV.2. Growth rate: 

         Fig.1 shows the growth rate’s variation as a function of molar concentrations; in 

addition to another smaller figure found within Fig.1 which is about the films 

thickness. As it can be seen, the growth rate is almost linear with the increase of molar 

concentration from 0.025 to  0.1 M; after that, the diminution in growth rate is 

observed when molarities are greater than 0.1 M. This diminution in growth rate is 

due to the saturation of In2O3 layer growth because of higher molar concentration; the 

quantum oxygen molecules of the solvent may not be sufficient to increase the growth 

rate which leads to the saturation of the reactants on the surface substrate; however, at 

the lower molar concentration, the continuous adsorption of  the solution leads to the 

linear growth. The same results are observed at CuS thin films [12]; they found that 

the films deposited with concentrations  above  0.1M  contain the reduction in the 

thickness which may be because of the outer porous films formation which lead to 

developing  stress , so it happens delamination leading to  peeling off the films [13]. 
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Figure IV. 1. Variation of  growth rate as a function of solution concentration and inset 

shows film thickness  de pendence on solution concentration. 

IV .3 XRD Analysis : 

The XRD patterns of In2O3 films deposited at different molar concentration showed in 

Fig.2 The pattern indicates that the films are polycrystalline and shows clearly the rise 

in the peak intensity of the (222) with the increase of molar concentrations. This 

confirmes the increase in crystallinity due to higher molar concentration until 0.1 M . 

Furthermore, the rise of metal ions number which grew in the predominant orientation 

(222) with the best crystallinity, except for the last film deposited at 0.125 M. the 

peak intensity of the (222) decreases and can be attributed at the higher molar 

concentration due to the quantum of oxygen that may not be suitable to increase the 

growth rate which leads to the saturation of the reactants on the surface substrate 

resulting the saturation of In2O3 film growth [14]. As it can be seen, other peaks lower 

intensities like (400), (411) …(see Fig .2). This  result  submits that  the  molar   

concentration  affects  the  crystallinity of films  as well as crystallites  orientation  in 

them. On another hand, the glass substrate is an amorphous material; the growth of 

the films usually occupies place by nucleation with the random orientations. Then, the 

growth of nuclei is followed by coalescence [7]. This growth of nuclei on substrate 

may be with different  orientations as we noticed that  the  crystals  grew  along the 
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preferred orientation  (222)  and small amount  of crystals grew  along  other  

orientations because the surface energy of  the (222) orientation of  In2O3 is lower 

than other crystallographic orientations [15]. 

 

FigureIV. 2.  XRD pattern of In2O3 thin films deposited with different molar concentration . 

 

        The full width of the half maximum (FWHM) of  XRD line may be because of 

the crystallite size or  the microstrain, whereas the crystallite size (D) of the In2O3 

films is associated with (FWHM)  by the classical formula  of Scherrer  given by 

[16].The number of film defects was calculated from the crystallite size values D   by 

the relationship of the dislocation density (δ) [17]  

 

   The  mechanical strain in the films depends on two  main influences which appear in 

metal oxide films [18].The first one is a variation in the coefficients of thermal 

expansion of the materials of growing film and substrate. The second one is a 

deflection of growing film composition from stoichiometry which lead probably to 
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strain in the lattice of growing film. The microstrain 𝛆  in the films is also correlated 

with (FWHM) by [16]. 

          Fig.3. shows the variations of the crystallite size, the microstrain and 

dislocation density in the films as a function of molar concentration. It was found that 

the crystallite size is almost constant when the molar concentration is less than 0.075 

M , but up to last value, an increase in crystallite size to 32.7 nm at 0.1 M is noticed . 

The increase in crystallite size may be due to the rise of the metal ions number which 

reaches the substrate, and the gathering increases in the centers of nucleation and their 

growth leading to the larger crystallites [19,20]. 
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Figure IV. 3.  The variations of the crystallite size, the microstrain and dislocation density in 

the films as a function of molar concentration. 

It may be due to the electrostatic interaction between solute particles when increasing 

the amount of solution: it becomes larger resulting in the formation of a collection 

[21]. Then, it decrease to 27 nm for the molar concentration of 0.125 M. The decrease 

of the crystallite size by increasing molarity beyond 0.1 M  may be because of the 

process of nucleation is affected by the rise of the particle solute  which becomes 

quicker than other films because the increase of  nucleation  centers densities which 
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lead to the  small crystallites [22]. In addition, the decrease of crystallite size due to 

the degradation in crystallinity causes the structural defects in the films [23,24]. It was 

also noted that there is an inverse relationship between crystallite size and microstrain 

. Due to the decrease of microstrain with the increase in molar concentration, the 

crystallinity becomes better up to 0.1 M and it is also observed that there is a harmony 

between dislocation density and  the microstrain. It means the crush of grain is helped 

by the dislocation density [25,26]. Larger  D  and  smaller  δ values  mean  better  

crystallization  of  the  films deposited at 0.1 M .  

 

 IV.4 UV-VIS transmittance Analysis: 

The optical transmittance spectrum of the In2O3 films as a function of the wavelength 

is presented in Fig.4 for different molar concentration . In the visible range, the 

average optical transmittance of the films varies between 73 and 87 % . Generally, the 

transmittance decreases with the increase of the films thickness except for the film 

deposited at 0.05 M which has both lower thickness and low transmittance and that 

can be explained  by the scattering light and morphology surface; similar result found 

that [27,1] . 
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Figure IV.4. Optical transmittance spectra of In2O3 thin films at different of molar 

concentration. 

          The disorder in the materials changed the Urbach  tail which results in  the 

extension of the parabolic density states in the band edge. Among these disorders, the 

structural disorder resulting from the defects and impurities in the films or the thermal 

disorder is caused by thermal  occupation  of  the  states of phonon [28]. Fig.6 shows 

the values of optical band gap and disorder energy together with the variation in the 

molar concentration. In general, it is observed that the optical band gap values 

decreases with the increasing in the molar concentration and that may be due to many 

factors like the increasing in films thickness, deviation from stoichiometry of the film 

, lattice constants, carrier concentration and presence of impurities [6] And   similar 

behavior is observed in ZnO films [29], they are explained by various  mechanisms 

which  cause the shifts of gap such as: (i)   crystallinity degradation,  (ii) the change of 

the crystallite dimension which leads to modifications in the height of the barrier, (iii) 

the effects of quantum size,  (iv) the impurities density  and (v) compressive or tensile 

strains. Furthermore, it is interesting to find that inverse relation between the band gap 
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and band tail because when the molar concentration increases, the films thickness 

increase  leading to the  localization of the states in the band structure that is merged 

with the band edges  resulting in the reduction of the band gap [30,31].Said  

Benramache and all have found that  the  correlation  between  the structural  and  

optical  properties  of  Co  doped  ZnO  is  investigated. They   have  estimated  the  

relationships  between the  band  gap  and  the  structural  parameters  as  a  function  

of  the  average  crystallite  size  and  the  intermediate   strain  [32]. 
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Figure IV.5. Typical variation of the quantity (𝛼hν)
2
 as a function of photon energy with 

various  solution concentration . 
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Figure IV. 6. Variation of the optical band gap and disorder in thin film as a function of 

solution concentration . 

IV.5. Reflectance Analysis : 

        Fig.7 shows the variation of refractive index (n) as a function of the wavelength. 

The value of n is found to vary in the range 1.52-2.99   for different molar 

concentrations when the wavelength increases, it is observed that the decrease is 

continuous in the refractive index of In2O3 films. As noted at the absorption edge, the 

values of this refractive index have maximum values. Similar observation reported by 

other authors [11]. On another hand, it is noticed that the values of refractive index 

increase with the increase in thickness of films, and this may be causing the density of 

grains in the films because the refractive index is significant to reveal the packing 

density. Bragg and Pippard model determinated this [33]. Also, Harris and all  have 

modified it [34]. 
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Figure IV.7  variation of refractive index (n) as a function of the wavelength with various 

solution concentration  

 

            The variation of extinction coefficient (k) values for In2O3 films are shown in 

Fig.8 It varies in the range 0.05 -0.77 for different molar concentrations. At the low 

wavelengths (≤ 333 𝑛𝑚), we observed low extinction coefficient value of our films. 

Above these wavelengths, the extinction coefficient increases with the rise in the 

wavelengths which may be due to the existing of vacuum in the films and the limits of 

their grains and appears to have a slight change of the extinction coefficient with a 

different molar concentration. This change corresponds with the thickness of the films 

(molar concentration), whereas the increase in this latter leads to a decrease in the 

extinction coefficient values. As we noted, the lower extinction coefficient values in 

the films deposited at 0.1 M may cause an improvement in the crystallinity and 

minimum impurity. However, the low extinction coefficient value is related to the 

stellar surface smoothness of the films [35].  
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Figure IV.8.  Variation of extinction  coefficient  (K) as a function of the wavelength with 

various solution concentration . 

 

IV.6. FTIR Analysis: 

           Fig.9 shows the Fourier transform infrared (FTIR) spectrum of In2O3 films 

deposited on glass substrate. The In-O and In-In stretching vibrations are found in the 

region 800–300 cm 
-1

 [36,37]. The In–O stretching is usually observed in the region 

700–300 cm
-1

 [56]. In this spectrum, it is observed that the bands  absorptions around 

(500,  600  cm
-1 

) are due to the In-O vibrations , but  the band absorptions at (1050 

cm
-1

) is attributed to the absorption of C-O vibrations [38]; moreover, a low  

absorption at 1568 cm
-1

 is shown on the IR spectrum of the layers that may  indicate 

the C=O vibrations [39,40] and those at 2916 cm
-1

 and  2837 cm
-1

 can be attributed to 

the C-H vibrations of the organics [38]. Generally, we also watched that the intensity 

of this band increases with the increasing of concentration of the solution which 

because of the improvement crystallinity of the films. These results confirm the 

results obtained from X-ray diffraction (XRD). 
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Figure IV.9.  Fourier transform infrared (FTIR) spectrum of In2O3 films with various solution 

concentration .  

 IV.7 Electrical study:  

           Fig.10 shows that the electrical resistivity and the conductivity as a function of 

the concentration of solution. It is noticed that the electrical resistivity almost constant 

in the small solution concentrations (less than 0.1 M). At this values, the resistivity 

decreases to low value may be due to the rise of the free carriers by increasing atoms 

of Indium in the interstitial location .As we can see, this reduction of resistivity might 

be because the improvement of crystallinity. This is consistent with the results of 

DRX, whereas when the grain size increases, the density of grain boundaries 

decreases and the mobility increases resulting in the decrease of the electrical 

resistivity. After that value ( > 0.1 𝑀), the electrical resistivity increases and that can 

be explained by the degradation of crystallinity, the reduction in the film thickness, 

the rise of structural defect and the grain boundaries which are considered as traps for 

the electrons. On another hand, the variation of the electrical resistivity can be also 

explained by the effect of oxygen quantum which have proportionate relationship 

between them. Several studies reported that [30,31], they found that the decreasing in 
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resistivity is due to the reduction in oxygen content of the films and the rise of carrier 

concentration. This might be because of the free electrons generated by the oxygen 

vacancies. As observed, there is an inversely relation between the electrical resistivity 

and the conductivity.  
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Figure IV. 10 The electrical resistivity and the conductivity as a function of the concentration 

of solution. 
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IV.8.Conclusion: 

           In2O3 thin films deposited by ultrasonic spray using indium acetate as 

precursor solution with various molar concentration. The XRD, UV-VIS 

transmittance, Reflectance, FTIR and Electrical studies are presented. These films are 

of polycrystalline nature and show clearly the rise in the peak intensity of the (222) 

with an increase of molar concentrations, the grain size is almost constant when the 

lower molar concentration, but if there is an increase in this latter, the grain size 

increases due to the rise of the metal ions. As found, the larger  D  and  smaller  δ 

values  mean  better  crystallization  of  the  films deposited at 0.1 M. The average 

optical transmittance of the films varies between 73 and 87 %. Usually, the 

transmittance decreases with an increase in the thickness of these films, while the 

optical band gap values decreases with an increasing in the molar concentration, and 

an inverse relation is found between the band gap and the thickness of these films 

because the localized states are formed in the band structure. The values of refractive 

index (n) vary in the range 1.52-2.99. The extinction coefficient (k) varies also in the 

range 0.05 -0.77. The FTIR spectrum indicates that these films are In2O3 layers. The 

film prepared at 0.1 M presents a low resistivity. Through the analyses above, the 

optimal indium acetate concentration is 0.1 M. 
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V.1 Introduction:  

         Photovoltaic cell and some optoelectronic devices are based on thin films as 

semiconductor material to build up it. The different parameters important are used to 

prepare these films by ultrasonic spray, including mechanisms for nucleation and 

growth or film thickness which it is affected by various processing conditions such as: 

precursors ,concentration, substrates type , heat treatment and film thickness [1]. And 

also the contamination and the presence of defects on the substrate surface influence 

on the growth, structure and properties of thin films. In the last years ,the used 

interesting of  flexible substrates is increased in the  electronics where it is 

investigated in three directions [2] : Materials for substrates ; Technology for 

deposition of different films ; Circuit applications . The growth films is created by the 

conditions of deposition and the choice of the substrates because both are important 

factors  in this growth , also the substrate chosen must present a difference in suitable 

lattice less than 3% to have  a good growth of the crystal on the substrate [3]. It is well 

known  a thin film is created when the atoms arrives substrate surface. A structure-

zone model [4], which it has been advanced to class the common regimes of film 

growth behavior. Also, the nucleation and coalescence processes are based on the 

bonding force between the substrate and the deposited atoms as well as the size and 

structure of islands in the initial formation.   

        In order to evaluate this ,it is examined In2O3 thin films  deposited   with 

different substrates  type ;  Glass (called : In2O3 / glass) , Corning glass (called : In2O3 

/ Co. glass), Indium tin oxide  (called : In2O3 / ITO) and monocrystalline silicon 

(called : In2O3 / Si) ; by the ultrasonic spray method  where it is  optimized  the 

conditions  in order to have a good quality In2O3 thin films with developed  suitable 

properties  for  many applications such as solar cells, gas sensors, emitting diodes 

(LEDs), etc. 

V.2 Growth rate:  

        The growth rate of the thin films was calculated by dividing the thickness on the 

deposition time. The growth rate results of In2O3 thin films are shown in fig .1. It is 

observed that a different growth rate for various substrates type back to the difference 

of  the bonding force between the substrate and the atoms of deposition which  follow 

the different islands in the initial formation  as result  the different growth is taking its 
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place  because the substrates have not the same bonds between their atoms. The 

growth steps and the form of the films which have seen in the first chapter. As The 

activation energy of growth process is lower than the activation energy of the 

nucleation process. There are a lot of nucleation mechanisms which define the crystal 

size and orientation, which in turn determine the film's properties. During the change 

in the substrates, each step will be different; hence, the formed films may be diverse.  

It is clear that the growth rate of both the thin films of indium oxide deposited on ( 

In2O3 / glass) and ( In2O3 / Co. glass)   are higher than the others thin films deposited 

on (In2O3 / ITO) and (In2O3 / Si) that can be explained by the various surface 

morphology of substrate whereas, its defects effects on the film growth process. In 

addition, this difference in the growth rate may be attributed to the substrate 

temperature because it is the main parameter that determines the film properties 

whereas 400 °C is optimized temperature for deposited on the glass [5]. Xuemei 

Cheng and al, study the properties of TiO2 thin films deposited by reactive DC 

sputtering on glass and Si substrate .They found ; From the structure and morphology 

results;  more anatase nuclei are formed on crystalline Si than on amorphous glass 

substrates which is presented in fig 2 . Also Hayk Khachatryan and al , Who  study 

the effect of substrate type on Al thin film formation and morphology [6]  , they  

found difference  in the  fundamental of film grown between the metallic substrate , 

glass  and Si wafer. Which have seen in the previous chapters . 
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Figure V.1:  The growth rate of In2O3 films on different substrates. 

 

 

 

Figure V.2: Anatase nuclei TiO2 formed on Si (left) and glass (right) substrates [5]. 
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V.3 Structural properties: 

         Fig.3 shows XRD pattern of In2O3 thin films deposited on a different substrates 

type. It is clear that the In2O3 thin films reveal polycrystalline structure with various 

orientated crystalline planes such as (222), (321), (400), (411), (156),(611),(440) and 

(622) with all different substrates. The orientation intensity of (In2O3 / Glass) and  

(In2O3 /Co. glass) are higher than others which may be attributed to good crystallinity. 

The lower intensity can be explained by degradation of the crystallinity  maybe  for 

the attraction between the atoms of substrates and deposited atoms in the film ( In2O3 

/ ITO) following that the growth rate decreases while the film (In2O3 / Si) has the 

lowest crystallinity back to mismatching (In2O3 / Si) networks [7]. As it is observed 

the various the predominated orientation of growth with different substrates type used 

(see fig .4). The (400) orientation is the highest intensity in two films (In2O3 / Glass) 

and (In2O3 / Co.glass) but in others, the (222) is preferred orientation may be caused 

by the accumulation of the oxygen in the films. The highest surface free energy in the 

bixbyite structure in (400) orientation because of  the oxygen ratio in the films which 

will repress in this growth [8]. 
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Figure V.3: XRD pattern of In2O3 thin films deposited on a different substrates type. 
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Figure V.4 : The preferential orientation (222) and (400)  of growth with various substrates 

type. 

          The crystallite size is determined from The full width at half maximum 

(FWHM) of (400) and (222) peaks . The results of the crystallite size with a different 

substrates are represented on the fig .5. Generally in spray pyrolysis method, the 

starting solution sprayed onto the preheated substrate, which results in the formation 

of a thin film on the substrate. The grain growth is formed when the droplets of spray 

solution reach the hot substrate then the atoms moved on the surface, and their 

mobility which  based on a lot of factors like substrate temperature, diffusion (bulk 

and surface), adsorption strength , the defects on the substrate surface and the 

contamination because the first atoms are located along active spots. As a result, the 

growth process of In2O3 thin films are affected by the substrate. The highest crystallite 

size was observed in the films ( In2O3 / Glass) and (In2O3 / Si) but  the smallest 

crystallite size watched in ( In2O3 /ITO) and (In2O3 /Co. glass).These can be explained 

that by the nucleation barrier whereas the smallest grains are observed in film with 
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smaller nucleation barrier  relatively [6]. However, it is well known the ITO and Si 

substrates have a good crystallization and helps the nucleation of condensed In2O3 

atoms. While , in the glass substrates, above  a specific thickness, the attraction 

between glass atoms and deposited material atoms is very strong and may not allow 

for the nucleation and the formation of cluster of crystallites. Once it overcomes this 

situation it can form grains in a larger size. 
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Figure V.5 : The crystallite size of the In2O3 thin films deposited on various substrates. 

 

       The lattice parameter value for pure is 10.11 Å [9].The lattice parameter values of 

indium oxide (In2O3) vary with the substrate used. As in the following: a = 10.08 A ° 

(Glass), a = 10.04 A ° (ITO), a = 10.18 A ° (Si) and a = 10.16 A ° (Corning glass). 

This difference is related to the substrates type because there are disagreements 

between the substrate and the material deposited, this disagreement induces 

constraints. These constraints are divided into two components type : a thermal and an 
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intrinsic ,the first component is based on  the various between the coefficients of 

thermal expansion but the second depends on differences parameters like substrate 

material and the deposition parameters. Also the deviation of orientation in the film 

growth is affected by generation of intrinsic stress [3]. It can be observed that the 

higher values of tensile stress are obtained for the films deposited on Si and corning 

glass. Generally, it can be explained with the interaction between the substrate surface 

and In2O3 film atoms which lead to deform the dimensions of lattice in the film along 

the weak bond direction. The same results are observed in SnS films [10]. 

V .4 Optical properties: 

         The transmittance spectra of In2O3 thin films deposited on various  substrates  

are shown in Fig 6. It is clearly seen that all the films exhibit a transmittance about 

70-85% in the visible region and the presence of the interference fringes concerning 

the (In2O3 / Co. glass) and (In2O3 / Glass) films may be due to the smooth surface of 

these films [11]. The higher transmittance for the films grown on ITO substrate and it 

decreases slightly for ( In2O3 / Corning glass) and (In2O3 / Glass) films , respectively, 

This decrease is due to the varying type of the substrate and may be attributed to 

thickness of films and the  degradation of the crystallinity of these films and these 

results confirm the results of DRX whereas the enhanced light transmitting due to the 

continuous grain growth which is considered  the best crystallinity films.  

          Fig .7 shows the variation of the band gap energy for different substrates. It is 

observed that the layers are almost with the same values of indium oxide thin films of 

(In2O3 / Glass) and (In2O3 / Corning glass) but the band gap energy decreases slightly 

with the film of (In2O3/ITO) .This variation of the optical band gap values of 

the films grown on glass substrates and Corning glass can be explained with the 

variation of the different factors like   lattice parameter, crystallite size, deviation 

from stoichiometry, carrier concentration, presence of impurities or perhaps due to the 

formation of band tails [12]. Similar results have been found by other researchers 

[13,14]. 
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Figure V.6: Optical transmittance spectra of In2O3 thin films as a function of different 

substrates type. 
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 Figure V.7: The variation of gap energy Urbach for different substrates type. 
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V .5 Electrical properties: 

         The four-point method for electrical measurements (conductivity and resistivity) 

was used. The results are shown in Table V.1. The value of electrical resistivity of the 

film deposited on glass is lower than the film deposited on Co.glass, and that's logical 

because this film had the better crystallinity.  

 

Table V.1: Electrical properties of layers in different substrates. 

 

Substrates Glass Corning glass ITO 
Si  

monocristallin 

Résistivity (𝝆)      
 

(Ω.cm) 

18.063 30.48 / / 

Conductivity 

(𝝈) 

 x10
-2 

(Ω.cm)
-1 

5.36 3.28 / / 

 

V .6 Conclusion:  

          The essential characteristic of thin film is whatever the procedure used for its 

manufacture, the thin film is always integral with a substrate. 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 properties of the film. Thus a thin film of the same 

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

because the thin film is anisotropic by construction.  The influence of the substrates  

type  (Glass, Co. glass, ITO and Si) on the structural and optical properties of thin 

films of indium oxide (In2O3) by the ultrasonic spray technique are shown previously 

whereas all indium oxide films obtained are polycrystalline and the highest 

crystallinity in the film (In2O3 / Glass) and also the highest crystallite size was 

observed for the films (In2O3 /Glass) and (In2O3 /Si).The interaction between the 

substrate surface lead to deform the dimensions of lattice in the film along the weak 
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bond direction. The optical study by UV-Visible spectroscopy shows that the In2O3 

films have a higher transmission in the range 70-85% in the visible region and the 

presence of the interference fringes concerning the (In2O3 / Co. glass) and (In2O3 / 

Glass) films and the highest transmittance for the films grown on ITO substrate. The 

bands gap energy for different substrates is almost with the same values of indium 

oxide thin films. The electrical conductivity of the film deposited on glass is higher 

than the film deposited on Co.glass.     
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VI .1 Introduction:  
 

          Transparent conducting oxides (TCO) films are extensively used in 

optoelectronic industry because of their high optical transparency and electrical 

conductivity and it is important for the  material science because of their wide range 

of applications including gas sensors, photovoltaic devices, flat panel displays, touch 

panels and light-emitting diodes .Usually, the electrical conductivity of a TCO can be 

increased either by increasing carrier concentration or by enhancing carrier mobility. 

The carrier concentration can be increased by heavy doping or by deviating from 

stoichiometry [1,2]. Many of different available TCOs such as  CdO, ZnO, SnO2 and  

In2O3 which is the best of  TCO ; it can be used as  an insulator or semiconductor or 

even conductor. Also doped In2O3 is one of promising alternative materials are used 

due to their high transparency, good chemical stability, low resistivity and relatively 

high mobility. In addition, The optical and electrical properties of indium oxide 

material can be engineered by suitable doping while maintaining enviable 

stoichiometry. Among these TCOs ,  Several  studies  include doped to In2O3 thin film 

with various metal ions as impurities like  (Sn, Ga, Cu, Zr,Ti etc.) whereas,  if 

impurities are added to In
+3

, electrons will be added to the empty 5s and 5p levels 

[3,4] .  

        In this work, I will present, the effect of antimony (Sb) and molybdenum (Mo) 

doping concentration on structural, optical and electrical properties of doped indium 

oxide thin films. we have chosen antimony as the dopant ion because there are a few 

reported it [5, 6] and molybdenum because Mo ([Kr]: 4d
5
5s

1
 ) is the more beneficial 

impurity to be doped into the In2O3 lattice  as it can be donated more than three 

electrons to the free carriers due to the high valence difference between Mo
+6

 ions and 

substituted In
+3

 ions. Therefore, Mo is believed to be a potential doping element in 

In2O3 compared to other elements. Depending on the experimental conditions and the 

results of the work in the previous chapters. In this chapter, we will study the 

influence of Sb and Mo doping level on the structural, optical and electrical properties 

of the films which will be presented  systematically later on .  
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VI.2. Antimony doping (Sb) 

VI .2.1 Structural properties : 

             Fig. 1  displays  the  X-ray  diffraction  patterns  of  pure  In2O3 and Sb-In2O3 

with various Sb  concentration  (2,4,6 and 8 wt.%). All the films exhibit 

polycrystalline nature with cubic structure. It is observed that  the un-doped film is  

not like the  doped  indium  oxide  films which  grow  along  the  preferred orientation 

, where (400) is the preferred orientation in the undoped film but the  (222) in the 

doped  indium  oxide  films. It is clear, when Sb concentration increases to 6 wt.%  , 

the intensity of peak (2 2 2) is increased sharply because of  the improvement of 

crystallinity, but with the increase of doping content above 6 wt.% , the decrease in 

intensity at higher doping level is due to structural deformation in the crystal structure 

[7] and it  may indicate a meaningful increase of stacking defects and a loss of 

periodicity in the arrangement of In2O3 lattice [8] . On the other hand , the change in  

the preferred orientation when adding antimony may be due to the occupancy of the 

indium vacancy sites in the lattice  by Sb atoms [9] . Further, the lattice parameter 

(a=b=c) calculated for un-doped In2O3 thin films, a 10.11 A⁰ is good agreement with 

reported values of 10.11 Å for pure indium oxide [10].When Sb  content increases, 

the lattice constant was found to increase, which is slightly higher than this value . 

This might be due to the foundation of  Sb within crystal lattice of In2O3 films ; where 

the indium  in this lattice are substituted by antimony atoms and other Sb atoms  

occupy interstitial sites in the same time [9].In addition to the difference in the ionic 

radius between In and Sb which creates the residual stress in the films this lead to the 

change position of the (222) peak to a lower angle region.  

Table VI. 1: The structural , optical and the electrical  parameters of un-doped and Sb-doped 

In2O3 . 

Wt% 

Sb 

Epaisseur 

(nm) 

Lattice 

parametre  

a (A
0
) 

carrier 

concentration 

  n (10
+20

cm
-3 

) 

Hall mobility 

 µ (cm
2
V

-1
S

-1
) 

resistivity (𝜌  

10
-3 

Ω.cm) 

Rsh  

 

(Ω) 

AVT 

for 500-

800 nm 

Figure of 

merit ∅ ( 
10

+16
Ω

-1
) 

0 432,38 10,11 1,83 8,46 4,01 92,742 75 6,07 
2 333,08 10.12 4,82 8,77 0,64 19,214 80 55,88 
4 651,06 10.12 9,98 14 0,42 6,451 80 166 
6 626,02 10.12 16,68 3,66 1,01 16,133 75 34,90 
8 551,4 10.13 2,34 12,52 2,13 38,628 73 11,12 
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Figure VI. 1: XRD pattern of  pure  In2O3 and Sb-In2O3 with various Sb  concentration  (2,4,6 

and 8 Wt.%) 
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Figure VI. 2: The crystallite sizes of the two strongest peaks (2 2 2) and (4 0 0) of  pure  

In2O3 and Sb-In2O3 . 

           Fig .2. It is observed that the crystallite sizes of the two strongest peaks (2 2 2) 

and (4 0 0) of  pure  In2O3 and Sb-In2O3 .The undoped  In2O3  : the crystallite size of  

the (4 0 0) is greater than (2 2 2) because the (4 0 0)  is the preferred orientation in 

this film where the more number of grains associated along that plan  but , In the  Sb-

In2O3 films , the values of crystallite size of  the (4 0 0) become lower than (2 2 2). 

This is attributed to the change in the preferred orientation in Sb-In2O3 films. 

Generally, the crystallite size increases with the increase in Sb doping concentration 

(2 to 6 wt.%) , this larger crystallite size is caused by the relax of the strain between 

In2O3 lattice and Sb dopants  which  lead to the better order structure and then 

decreases for further doping level 8 wt.% which  may be due to the  antimony (Sb) 

that created the more nucleation sites which inhibit the growth of crystal grains [11]. 
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VI .2.2 Surface morphology: 

 

 

 
Figure VI.3:  The micrograph of  SEM  Sb-In2O3  films (A: un-doped  /B: 2 Wt% Sb / 

C: 4 Wt% Sb  / D : 6 Wt% Sb  / E: 8 Wt% Sb ) 
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       Fig.3 shows the SEM images of undoped In2O3 film and doped with Sb thin films 

deposited at different of Sb Wt%. As the Sb content increases, it is observed the  

slightly change in the morphology. Whereas all the films has compact surfaces and 

covered grains with similar geometries .When the Sb is more than 4Wt% ,it is 

observed the formation  a few of  small agglomerates .As the grains size increased 

with the increasing  of doping level which may be attributed to the  combination of Sb 

atoms in the lattice or/and  perhaps the change in the preferred orientation for doped 

films. EDS spectra confirm the presence of In, O and Sb elements in the films 

deposited with 2 Wt% Sb. This  is shown in Fig.4.  

 

 

 

 

 

Figure VI. 4 The EDS spectra of Sb-In2O3 films (2 wt% Sb). 
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VI .2.3 Optical properties: 
 

         Fig.5 shows the transmittance and reflectance spectra of  undoped and  antimony  

doped indium oxide films.  
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Figure VI.5. The Optical transmittance and  The reflectance spectra of undoped and  

antimony  doped indium oxide films. 
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        The transparence of this films is high about 72-84 % in the visible range.  As we 

have seen, the interference fringes in the visible and in the near infrared regions in all 

films may be attributed to homogeneity of surface and thickness uniformity. The 

values of the optical transmittance in the 2 and 4 Wt % Sb films are high as compared 

to that of the un-doped and others films , this can be  caused by  the low  light 

scattering  (low the energy loss ) or/and  low  micro strain in the films with 

comparison to other films, but above 4 Wt % Sb the decrease of transmittance at 

higher doping levels  may be attributed to the increased scattering of photons by films 

defects which are created by the increase of doping. Further , it is observed that a 

slight shift in the absorption edge when   it is  decreased  toward a short wavelength in 

2 and 4 wt% Sb  and increased  toward a longer wavelength  in 6 and 8 wt% Sb 

compared with un-doped film which indicates an increase and a decrease of the band 

gap energy for In2O3 after doping , respectively. On the other hand, The cause of 

intense light absorption can be attributed to the transfer of electron between the 

different oxidation states of the element, whereas a mixed oxidation state, or the 

found of two different oxidation states to the element, it appears abnormally an 

intense coloration which was indicated by Kojima and al [12]. The doped TCOs films 

have an important optical characteristic where it can not transmit light after 1700 nm  

and strong absorption in the near-IR region. This variation is because the absorption 

of the free-carrier.  As it is noted in the near IR region the decreasing of the 

transmission and increasing of the reflection, it may  reach  about 30-40 % at the 

wavelength of 2500 nm .This estimated the  Sb-In2O3 thin films of interest such as  IR 

reflectors, window coating or heat reflector. The optical phenomenon near the 

infrared region is explained by the classical theory of Drude free-electron , this model 

indicates that the drop of transmittance  in the near infrared region is coordinated with 

the plasma frequency . It showed the reflection at longer wavelengths due to the edge 

of plasma, we also found that the light cannot be transmitted.  In the actuality, The  

cut-off wavelength shifts toward lower wavelength due to the increase in carrier 

concentration and  the electron  mobility [13,14]. 
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Figure VI.6: The band gap as function of Sb dopant concentration . 

 

      It is common that, the variation of the band gap values can be changed by 

differences factors like carrier concentration, deviation from stoichiometry of the 

films, presence of impurities, lattice constants and grain size [10]. In this work, the 

change can be explained as follows: The band gap (Eg) increases from 3.64 eV for 

un-doped In2O3 film to 4.11 eV for In2O3:Sb  with increasing  Sb concentration to     

4Wt.% , the increase in the band gap values may be due to quantum reservation 

effects  because of  the enhancement in the band gap energy in nanostructured 

materials which caused the localization of charges in individual nanocrystals , which 

is formed by the quantum dots with a very small dimension [15] . Also, this results 

corresponds to the Burstein–Moss hypothesis [6] which shows the relation linear 

between the carrier concentration (n) and band gap energy (Eg). But , when increasing 

Sb concentration above 4 Wt.% , the band gap (Eg) decreased ,that can be explained 

by the defect energy level of Sb (Sb acts as donor impurity) ,which forms a donor 
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level inside the forbidden gap region and below the conduction band, lowering the 

band gap of In2O3.[16 ]. 

VI .2.4 FTIR Analysis :  

 

     Fig.7 shows the spectrum of  fourier transform infrared (FTIR) of In2O3 films  

doped with Sb  deposited on glass substrate .It is observed that the stretching 

vibrations of In-O and In-In are found in the region 800–300 cm 
-1

 [17.18]. The In–O 

stretching is usually observed in the region 700–300 cm
-1

 [19]. In this spectrum, it is 

observed that the bands  absorptions around (565 , 820 cm
-1 

) are due to the In-O 

vibrations, moreover, but  the bands absorptions at (1260-1270 cm
-1

) are attributed to 

the typical of vibrations in the boron-oxygen groups with trigonally coordinated boron 

(boron-oxygen triangles BO3) [20]. 
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 FigureVI.7 :  The Fourier transform infrared (FTIR) spectrum of undoped and  antimony  

doped indium oxide films deposited on glass substrate 
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VI .2.5 Photoluminescence properties:  

 

       The property of luminescence of the films generally has relation with the 

crystallinity of the films where the increase of this latter was caused by the reduction 

in the density of defects. Fig.8. shows Photoluminescence spectra of un-doped and  

antimony doped indium oxide films in the wavelength range from 280 to 700 nm.  

The intensity of the PL emission peaks are decreased with the increase of quantum of  

Sb. Many emission peaks were observed for un-doped  indium oxide and Sb-doped 

indium oxide films with various concentration  are centered at  about   312, 364, 400, 

460, 480,530 and 620 nm .The un-doped In2O3 thin film has a strong emission intense 

violet bands at 364 and 400 nm .In addition, in the other emission, blue band  centered 

at 480 nm . This latter peak may be attributed to the O, In and/or In/O vacancies 

centers, as well as reported [21,22].Also, the peaks located in the green and red 

emission centered at 530 and 620 nm respectively .The broad peak of the red emission 

is attributed to the O interstitial defects in the films. It is known that the oxygen 

vacancies can produce a new energy levels in the band gap and the cubic In2O3 which 

has oxygen-deficient structure [23].The same observation of emission peaks watched 

in the Sb-doped indium oxide films with the 2 Wt% Sb but with a less intensity, plus 

that emission blue band at 460 nm .The emission peaks intensity decreased with an 

increase of Sb doping concentration. This decreasing may be attributed to the rise in 

Sb content in the films .The same result observed that in the IMO films [24] and   Zn-

doped In2O3 thin films [10]. 
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     Figure VI.8 :  Photoluminescence spectra of undoped and  antimony  doped indium oxide 

films deposited on glass substrate 

 

The energy corresponds all the observed emission peaks 312 (3.97 eV), 364(3.41 eV), 

400(3.10 eV), 460(2.69 eV), 480(2.58 eV), 530(2.34 eV),  and  620 nm (2.00 eV) . 

Generally, It is observed that there are two cases: in the first case, the energy 

corresponds to emission peaks (364, 400, 460, 480, 530,  and  620 nm)  is  lower than 

the band gap energy of the films, they cannot be assigned to the direct recombination 

between electrons in the conduction band and holes in the valence band [ 25,26] .In 

the second case , it is the inverse ; the  band gap is lower  than the energy  

corresponding to emission peak 312 nm in the un-doped and doped with 2 and 8  

Wt% Sb  indium oxide films , it is may be attributed  to the radiative recombination of 

bound excitons . This explained the luminescence process in two steps :  At  the first 

step , a hole  captures an electron in donor level so that a hole  on an acceptor to form 

a trapped exciton  and in the second step the trapped exciton recombines radiatively to 

produce the observed emission [27,28]. Several reports observed that the 
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photoluminescence emission peaks are centered at 480 and 520 nm from In2O3 

nanoparticles. Lee and al reported a peak at 637 nm for pure In2O3 films. Commonly, 

these emission peaks are indicated as the deep level or trap state emissions because of 

the oxygen deficiencies [27].  

VI .2.6   Electrical properties: 

 

        The electrical resistivity (𝜌), Hall mobility (µ) and carrier concentration (n) of 

un-doped and Sb-doped In2O3 (2,4,6 and 8 Wt.%) films are shown in the Table 1. The 

resistivity which decreases after the add of antimony concentrations compared with 

un-doped film. This reduce can be attributed to an enhancement of the carrier 

concentration after doping which are resulted by the electron donor of Sb ions. In 

addition, the improved grain growth lead to the decreasing in the grain boundary 

scattering. But , at 8Wt % Sb-doping the carrier concentration decreases may be 

caused  by  the disorder and/or the oxidation states of Sb ; the activation energy of 

donor becomes higher when the disorder increase in the lattice because Sb 

concentration increases. Thus, it does not lead to sufficiently ionization of Sb high 

doping level. However, it finds two oxidations of Sb (Sb
5+ 

and Sb
3+

) [29] which its 

role is to cause an increase in resistivity.The Same result observed in SnO2 doped 7% 

Sb [30]. Further, the resistivity related to the defect structures as the  interstitial solid 

solution of Sb which would trap electrons. It is usually attributed to the increase of the 

grain boundary scattering. Similar result obtained in the Zn-doped In2O3 thin films 

[10] . The minimum values of electrical resistivity are found for indium oxide films 

doped   with  2 and 4 Wt % Sb.  
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VI. 3. Molybdenum doping (Mo) 

VI .3.1 Structural properties: 

     Fig.9. shows the XRD patterns for un-doped and doped In2O3 thin films  with  Mo 

dopants  deposited  by spray ultrasonic on glass substrate .The  observed  XRD  

patterns which  is  found  in  all  the  films  have polycrystalline  structure regardless 

of  the doping  with preferred growth a long the (400) direction in the pure In2O3 thin 

films  but the (222) direction is preferred in the all the dopant films , together with 

low intensity of the other peaks having (211),(411),(431),(440),(611), and (622) 

orientations. The intensity of (222) orientation is increased with increasing of Mo 

dopants to 4 Wt % Mo. It is attributed to the improvement of crystallinity but more 

than   this value which is decreased of the (222) intensity may be to deformate the 

structure of film. There is one new peak observed in the two films deposited with 3 

and 4 Wt% Mo. This can be related to MoO3 phase (110) located at 2 𝜃 = 24.2° [31]. 

Further , in the un-doped In2O3 and doped films the (400) and (222) positions 

;respectively ; slightly shifts towards higher 2 𝜃 angles as compared with that  of 

standard positions , this is back to the Mo ions occupy In sites within In2O3 crystal 

network [10] and it is also attributed  to the residual stress because there is a 

difference  in the ionic radius between In
+3

 and Mo
+3

 [7] .The structural parameters of  

In2O3:Mo films are organized in Table 2 .The lattice constant of un-doped film is 

10.1108 A° which is in agreement with the standard data of  In2O3 film [10] But if  

Mo concentration is add , the lattice constant will be decreased to be lower than the 

standard value  which due to the difference  between ionic radius and when Mo
+3

 ( 

0.83 A°) is slightly smaller than In
+3

 (0.94 A°) because molybdenum  atoms substitute 

indium atoms [32] except the ones  deposited at 2 Wt% Mo , the lattice constant of  

this film  is bigger than standard value which may be  attributed to the indium atoms 

that are substituted by some molybdenum atoms in the lattice and the last quantity of 

molybdenum atoms occupy interstitial sites [33] this variation lead to a clear 

expansion of the crystal network .  
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 Figure VI.9: XRD pattern of  un-doped  In2O3 and Mo-In2O3 with various Mo  concentration  

(1,2,3 and 4 wt.%) 

 

           The microstrain and dislocation density of  crystal structure  are increased  with 

the increasing of  Mo concentration .This variation  is an inverse relationship  with 

crystallite size because of  the enhancement  of  Mo concentration which is leading  to 

increase the nucleation  centers densities that lead to  small crystallites (see fig 10). 
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Table VI. 2 The structural parameters of  In2O3:Mo films . 

Mo 

concentration 

(Wt%) 

Epaisseur 

(nm) hkl 𝜃stand(°) 𝜃exp (°) dhkl a (A°) 

δ  (*10
+14 

 lin /m
2
) ∈ (*10

-3
) 

0 432 400 35.45 35,63 2,52 10,1108 
9,74 7,10897 

1 389 222 30.58 30,9 2,89 10,0309 
3,15 4,64449 

2 411 222 30.58 30,54 2,98 10,14 
13,98 9,79469 

3 474 222 30.58 30,9 2,89 10,0368 
17,86 11,08957 

4 240 222 30.58 30,83 2,9 10,0479 
17,81 11,06525 
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Figure VI.10: The crystallite sizes of and microstrain of  un-doped In2O3 and Mo-In2O3 . 
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VI .3.2 Surface morphology: 

 

 

 

Figure VI.11:  The micrograph of  SEM  Mo-In2O3  films (A: un-doped  /B: 1 Wt% 

Mo  / C: 2 Wt% Mo  / D : 3 Wt% Mo  / E: 4 Wt% Mo ) 
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       Fig.11 shows the micrograph of SEM doped indium oxide films with different 

Mo-doping contents. All the nanostructure thin films have smooth, homogeneous and  

continuous surface . When the Mo-doping contents increased at 3 wt % Mo the grain 

size increased with almost uniform  size , this result is according to the XRD pattern 

which it takes the best crystallization , But more than this value which  shows  smooth 

surface covered with uniformly spread grains, few agglomerates and the free voids on 

the surface lead to a high  porosity , this latter   affects  the optical transmittance 

where it takes a higher transmittance than film with 3 Wt% Mo. Fig 12 shows  the 

micrograph of SEM indium oxide films doped with  1% Mo which is obtained with 

rotation of the film 45° on the stage of device  scanning electron microscopy ( See 

from another angle) .It is very clear, the granules of the film are  similar to each other. 

The EDS spectra obtained from the films deposited with 2 Wt %Mo doping and 4 Wt 

%Mo. It is observed that the composition of the constituents in this films are Mo, In 

and O with  a different atomic data .It is also observed that the Mo ratio increased 

from a to b  (see Fig 13). 
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Figure VI.12 :  The micrograph of  SEM  Mo-In2O3  films (1 Wt% Mo  ) 

 

 

 

Figure VI.13 The EDS spectra of Mo-In2O3 films (a: 2 Wt% Mo /b: 4 Wt% Mo). 

VI .3.3 Transmittance Analysis:  

         Fig.14 shows the optical transmittance spectrum of the un-doped In2O3 film and 

doped  In2O3 films with different Mo concentration   as a function of the wavelength . 

The average optical transmittance of the films varies between 55 and 82 % in the 

visible range. The interference fringes are observed in the visible region in all films 

which may be indicated to homogeneity of surface and thickness uniformity. As we 

have seen, a slight shift in the absorption edge increase toward to a longer wavelength 

compared with un-doped film which indicates decreasing in the band gap energy for 

a 

b 
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In2O3 after doping with Mo. Generally, the transmittance decreases slightly after 

doping, this back to many effects like : the thickness, homogeneity of surface and 

crystallinity with it . Enhance with films has more homogeneity and lower thickness 

and decline with higher thickness or heterogeneous   because it leads to increase 

scattering of photons. Also, The oxygen concentration affects the transmittance    of 

thin films where there is a direct proportion between them [34] 
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 Figure VI.14: . Optical transmittance spectra of undoped and  Mo  doped indium oxide films 

           The band gap energy decreases after doping with the different Mo 

concentration. It is attributed to Mo atoms located at donor level [35]. The band gap is 

also related to the oxidation of the components due to the oxygen concentration of the 

films in oxide semiconductors [36 ]. 
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VI .3.4 The resistivity:   

 

Table VI. 3: The electrical and optical parameters values In2O3 thin films doped with 

various Mo concentration. 

           

         

 

 

 

 The resistivity  (𝜌  ) and sheet resistance (Rsh) of the In2O3:Mo thin films are 

summarized in Table 3. It is observed that the both values of un-doped film are lower 

than the doped films with various Mo. This observation is not common to previous 

authors. When Mo content increases it may do not occupy proper lattice sites in the 

In2O3 network. In addition , the ionic radius of In is bigger  than that of  Mo and  

some  of these  later may  occupy interstitial positions which lead to the increase in 

the deformation in crystal structure by dispersion of impurities , defect , grain 

boundaries .All these occur when Mo concentrations increases .This latter lead to the 

decrease of  the carriers’ mobility in the In2O3:Mo thin films . Further, The decrease 

in the electrical resistivity may be due to the increase of the oxygen vacancies or the  

new phases of MoO3 .Generally , the electrical resistivity TCO can be decreased to 

cause the increase  of   oxygen vacancies [37]. 

 

 

 

 

 

Mo 

(Wt%) 
𝜌(10

-2 

ΩCm) 

Rsh 

(Ω) 

Eg E00  

0 0,48 111 3.64 0.32 

1 66,97 17219 2.69 0.37 

2 33,54 8156 2.66 0.37 

3 60,14 12687 2.73 0.36 

4 35,83 14952 2.78 0.35 
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VI .4 Conclusion: 
 

        Through this study of un-doped , antimony doped indium oxide films and 

molybdenum doped indium oxide films deposited on glass substrates by spray 

ultrasonic, it is concluded that all the films exhibit polycrystalline nature with a 

change in  the preferred orientation (222) for un-doped films to (400)  with the adding 

antimony or molybdenum  as dopant  . Also, the crystallite size increases with the 

increase of sb doping concentration (2 to 6 wt.%)  and decreases  with the adding  of 

Mo doping concentration (1 to 4 Wt.%) . The average optical transparency of all the 

films in visible spectra about 55-85 % with the interference fringes in the visible and 

near infrared regions in all films which are  attributed to homogeneity of surface and 

thickness uniformity. The band gap (Eg) increases from 3.64 eV for un-doped In2O3 

film to 4.11 eV for In2O3:Sb  with increasing Sb concentration to 4 Wt.% Sb  but with  

the increasing  of Mo concentration which was decreased .The intensity of the PL 

emission peaks are decreased with the increase of quantum of  Sb. The resistivity 

decreases  with Mo doping  as the resistivity and the mobility of the electrons 

decreases after the adding antimony concentrations. The two films deposited with 2 

and 4 Wt % Sb have a minimum values of electrical resistivity and high optical 

transmittance (about 84%).  According to these results, these two films can be 

developed as  a capable material for a sensor element in sensing devices like acetone 

sensing devices and as various optoelectronic applications. 
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General conclusion 

            In this thesis .We have reported the experimental results and the 

characterization of undoped and doped indium oxide thin films deposited by 

ultrasonic spray in order to explain and discuss the structural, electrical and optical 

properties of these oxide thin films with different parameter conditions (  flow rate , 

molar concentration, substrates type  and the effect of doping) . These later are 

characterized by some techniques - X-ray diffraction, UV-visible spectrophotometry, 

FTIR , Photoluminescence and Four points -   to be optimized for elaborating those 

films with good quality and competitive industry.  

           The experimental results and the characterization of undoped and doped 

indium oxide films  are explained in the second part of the thesis so that , the results 

of undoped indium oxide films are presented in the chapters III ,IV and V  with the 

influence of flow rate , concentration solution  and substrates type respectively.  

Moreover, results of doped indium oxide films are presented in the chapter VI 

The main results obtained during this study are as follows:  

 For all parameters studies we found , that all the films obtained by D R X  are 

polycrystalline with a a preferred growth orientation and changed between 

(222) and (400) orientations . 

 Influence growth rate (by changing the solution flow rate ): 

- The crystallite size of the films slightly increases with the increase of 

growth rate where it is varied between 26 and 32 nm. 

- The average transmittance is about 80% in the visible region.  

- The optical band gap decreases with the increase of the growth rate from 

3.93 to 3.62 eV.  

- The electrical resistivity decreases with the increase of the growth rate in 

the range of  20 - 5.5 (10
-2

Ω Cm ). 

 Influence of indium acetate (various molar concentration): 

- The grain size varied with different of molar concentration in the range 

22.7 - 32.7 nm 



- The average optical transmittance of the films varies between 73 and 87 % 

in the visible region . 

- The optical band gap values decrease with the increasing of the molar 

concentration. 

- The Fourier transform infrared (FTIR) spectrum indicated that these films 

are In2O3 films.   

- The low resistivity obtained at 0.1 M . 

 Influence of substrates type  : 

- The highest crystallite size was observed in the films ( In2O3 / Glass) and 

(In2O3 / Si) but  the smallest crystallite size watched in ( In2O3 /ITO) and 

(In2O3 /Co. glass) 

- The higher transmission in the ITO substrate reaches up to 85% in the 

visible range with a gap’s energy of 3.25 eV with a disorder value about 

0.60 eV. The result of the ITO Substrate shows the best optical 

transmittance. 

- The resistivity of the In2O3 films deposited on glass substrate is the arrange 

of  [18.06 Ω.cm]. 

 Influence of doping of indium oxide thin films. 

- When we add antimony or molybdenum, the preferred orientation is 

changed due to the occupancy of the indium vacancy sites in the lattice by 

Sb or Mo atoms. 

- The lattice parameters calculated for un-doped In2O3 thin films is 10.11 A⁰ 

.It is good agreement with reported values of 10.11 Å for pure indium 

oxide .Nevertheless for doped In2O3 thin films. It is decreased to be lower 

than the standard value that due to the difference between ionic radius. 

- The crystallite size increases with the increase of  Sb doping concentration 

(2 to 6 wt.%) and it decreases with Mo doping concentration.  

- The resistivity and the mobility of the electrons decrease after adding 

antimony concentrations. The two films which deposited with 2 and 4 Wt 

% Sb have a minimum values of electrical resistivity and high optical 

transmittance (about 84%) and it is increasing with the adding Mo.  



        According to the results obtained during the various characterization carried out , 

we can say that optimal conditions of indium oxide film deposition which lead  to 

obtain a material with good optoelectronic and photovoltaic properties  are :   

-  flow rate is 40  or 50 ml / h ,  

- The initial material is InCl3 with molar concentration is 0.1 mol/ L . 

- Glass substrate and 2 or  4 wt.% Sb but with Mo dopant  ; Unsatisfactory 

results that is common , in which we try  to improve it , perhaps due to a 

change in the source of molybdenum and other factors, We will investigate 

in the coming research. 

       As conclusion, we can say that a continuation of this work is necessary and must 

be made to optimize the performance of this promising material, and to improve the 

properties of indium oxide thin films which are more suitable for application of 

optoelectronic, photovoltaic especially in a sensor element in sensing devices. 



 



 

The effect of doping on the properties of thin films of Indium oxide( In2O3) deposited by ultrasonic spray for optoelectronic applications. 

Abstract 

           Our study talks about the deposition and characterization of the thin films of un-doped and doped indium oxide 

films obtained by ultrasonic spray technology with a view to obtaining suitable properties for optoelectronic 

applications, where:  

Firstly, we have studied the un-doped indium oxide films with different parameters such as: flow rate solution, molar 

concentration solution and effect of substrates type. 

 Secondly, we have studied the effect of doping by antimony and molybdenum on indium oxide films , then we have 

characterized it by different techniques such as: X-RD, SEM, EDS analysis, UV spectroscopy, FTIR spectroscopy, 

luminous spectroscopy and Four-point technique. The main results obtained are: 

         Indium oxide crystallizes with polycrystalline structure by a cubic structure and it is a semiconductor of type n 

with a band gap Eg .It has a width between 3.25-4.1 eV for all the films which have a high transmittance up to 85% 

with disparate  electrical conductivity , these properties are allowed to be used in many applications in the 

optoelectronic  and photovoltaic fields. 

Keywords : Thin films, Indium oxide, doping, Ultrasonic spray, Optoelectronic Properties. 

 

 
L’effet du dopage sur les propriétés couches minces d'oxyde d'indium (In2O3) dépose par spray ultrasonique en vue d'applications 

optoélectronique 

 
Résume 

           Notre étude a porté sur la déposition  et la caractérisation des films minces de  d'oxyde d'indium non dopés et 

dopés obtenus par technologie de spray ultrasonique en vue d'obtenir des propriétés adaptées aux applications 

optoélectroniques, où: 

 Premièrement, nous avons étudié les films d'oxyde d'indium non dopés avec différents paramètres tels que: débit de la 

solution, concentration molaire de la solution et effet du type de substrats.  

Deuxièmement, nous avons étudié l'effet du dopage par l'antimoine et le molybdène sur l'oxyde d'indium, puis nous 

l'avons caractérisé par différentes techniques telles que: DRX, MEB, EDS, spectroscopie UV, spectroscopie FTIR, 

spectroscopie lumineuse et technique à quatre points. Les principaux résultats obtenus sont: 

        L'oxyde d'indium cristallise avec une structure polycristalline par une structure cubique et c'est un semi-

conducteur de type n avec une bande interdite  Eg. Il a un largeur entre 3,25-4,1 eV pour tous les films qui ont une 

transmittance élevée jusqu'à 85% avec une conductivité électrique disparate, ces propriétés peuvent être utilisées dans 

de nombreuses applications dans les domaines optoélectroniques et photovoltaïques. 

 

Mots-clés : Couches minces, L'oxyde d'indium, dopage , Spray  ultrasonique, Les propriétés  optoélectroniques. 

 

 

 تأثير التطعين على خصائص الشرائح الرقيقت لأكسيد الأنديوم المحضرة بواسطت الرش فوق صوتي للتطبيقاث الالكتروضوئيت

 ملخص

هديوم غير المطعم  والمطعم المخحطل عليها بواسطة ثلنية امرش فوق ضوتي بهدف الحطول على خطائص مناس بة            حتمحور دراسدنا حول حرسيب و جشخيص امطبلات امركيلة لأكس يد الإ

 : نلخطبيق الامكتروضوئي  حير 

هديوم غير المطعم و ذلك  ثاهيا،قمنا بدراسة ثأأزير امخطيعم بواسطة . وس بة ثدفق المحلول ،امتركيز المولي نلمحلول و ثأأزير امركائز :  مخخلفة مثل بوسائطأأول ، قمنا بدراسة امطبلات امركيلة لأكس يد الإ

هديوم  ، بعد ذلك قمنا بدشخيطها بواسطة ثلنيات مخخلفة مثل  اهعراج الاشعة امس ينية ، المجهر الامكتروني الماسح ، امخحليل امكيميائي  ، المطيافية فوق : الأهديمون و الموميبدينوم على أأكس يد الإ

:  أأهم امنخائج المخحطل عليها  وكاهت.مطيافية تحويل الأشعة تحت الذراء ، مطيافية انلمعان امضوئي و ثلنية أأربع هلاط امبنفسجية و المرئية  ،

هديوم  ببنية مذعددة امبلورات ذو هيكل مكعب و هو هطف ناكل من هوع ور يدبل  eV   ذو عرض يتراوح بين Eg  له هطاق ممنوع  nأأكس يد الإ

مع ناكلية كهربائية  مذفاوثة و هذه الخطائص يسُمح باس خخدامها في ثطبيلات عديدة في المجالت امكهروضوئية و    85 %حتمخع بنفاذية عامية ثطل الى امتي   لديع امعينات3.25-4.1

 .الامكتروضوئية 

 

هديوم ،: امكلمات المفذاحية  .  امرش بالموجات فوق امطوثية ، الخطائص الإمكتروهية امبصريةامخطعيم ،الأغش ية امركيلة ، أأكس يد الإ

 


