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Abstract: 

In this work, undoped tin dioxide (SnO2) and fluorine doped tin dioxide (SnO2: F) 

films were elaborated with spray ultrasonic technique. SnCl2 and NH4F were used as sources 

of SnO2 and fluorine doping respectively. The films were deposited on 480°C heated glass. 

Effects of fluorine doping and films thickness on the optical, structural and opto-electrical 

properties of undoped and fluorine doped SnO2: F (FTO) thin films were investigated. X-ray 

diffraction (XRD) patterns showed that both SnO2 and SnO2: F films were polycrystalline 

with tetragonal rutile structure. The preferential orientation for SnO2 was along (211) plane 

whereas SnO2: F preferential orientations were along (200) planes. The calculated crystallite 

sizes were in the average 11.57–28.16 nm. Optical transmittance spectra of the films showed 

high transparency of about 73-87% in visible region. The optical gap, for SnO2 and SnO2: F 

films, was found to be in the range 3.62-3.93 eV. Plasma frequencies of the films were found 

to be in the range 1.317×1015-1.395×1015 Hz leading to estimated optical carrier concentration 

in the range of 1.575×1021-1.767×1021cm-3.The electrical study reveals that the films have n-

type electrical conductivity and depend upon fluorine concentration. The electrical carrier 

concentration was found to be in the range 2.04×1019–0.04×1019 cm-3 which was lower than 

the optically estimated one. Calculated figure of merit for FTO thin films revealed maximum 

value about 13.04×10-3 (Ω-1) at λ=700 nm at fluorine concentration 6 wt. % for 440 nm 

thickness. FTIR spectra confirmed the formation of SnO2, after fluorine doping a new 

vibration mode of Sn-F was appeared around 710 cm-1. Contact angle on the FTO films 

surfaces was measured which was in the range of 66-109°. CA measured values reveals that 

the films surfaces have hydrophobicity properties. The elaborated FTO thin films are 

promising to be used as window layer in solar cells and as self cleaning materials.  

 

Keywords: TCO thin films; SnO2; FTO; Spray ultrasonic; Opto-electrical. 
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Résumé: 

Dans ce travail, couches minces de dioxyde d'étain non dopé (SnO2) et dopé par fluor 

(SnO2: F) ont été élaborés avec la technique de spray ultrasons. SnCl2 et NH4F ont été utilisés 

comme sources de SnO2 et de dopage au fluor, respectivement. Les couches ont été déposés 

sur verre chauffé à 480 °C. Effets de dopage par fluor et d'épaisseur des couches sur les 

propriétés optiques, structurelles et opto-électriques de couches minces SnO2 non dopé et 

dopé fluor: F (FTO) ont été étudiés. Diffraction des rayons X (XRD) montrent que tous les 

deux motifs de SnO2 et SnO2: F sont des couches polycristallins avec une structure rutile 

tétragonale. L'orientation préférentielle pour SnO2 était long (211) plane alors que 

l’orientations préférentielles de SnO2: F étaient long (200) plans. Les tailles de cristallites 

calculées étaient dans la moyenne de 11.57–28.16 nm. Les spectres de transmission optique 

des couches ont montré une transparence élevée d'environ 73-87% dans la région visible. Le 

gap optique, pour SnO2 et SnO2: F films, a été jugée dans la gamme de 3.62-3.93 eV. 

Fréquences de plasma des couches ont été trouvés pour être dans la gamme 1.317×1015-

1.395×1015 Hz conduisant à la concentration de porteurs optique estimée dans la gamme de 

1.575×1021-1.767×1021cm-3. L'étude électrique révèle que les films ont conductivité électrique 

de type n et dépendent de la concentration de fluor. La concentration de porteurs électrique a 

été jugée dans la gamme de 2.04×1019–0.04×1019 cm-3, qui était inférieure à celle estimée 

optiquement. Facteur de mérite pour FTO couches minces a révélé valeur maximale environ 

13.04×10-3 (Ω-1) à λ = 700 nm à une concentration de fluor 6 wt. % pour 440 nm d'épaisseur. 

Spectres FTIR a confirmé la formation de SnO2, après le fluor dopage un nouveau mode de 

Sn-F vibration est apparu autour de 710 cm-1. Angle de contact sur les surfaces des FTO 

couches a été mesurée qui était dans la gamme de 66-109°. CA valeurs mesurées révèle que 

les surfaces des films ont des propriétés d'hydrophobie. Les FTO couches minces élaborés 

sont prometteurs pour être utilisé comme des fenêtres dans les cellules solaires et comme 

matériaux auto-nettoyants. 

 

Mots-clés: Couches minces TCO; SnO2; FTO; Spray ultrasons; Opto-électrique. 
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	 ھ�ا ا���� ,� ������	 ر���� �� ��ا�� �� �����%��� و ا�#��  (SnO2)ا��"�!�  أ�

 NH4Fو  SnCl2�� ا,.���ل . (&ا,%� ����� ا��ش 
&ق ا�"&�	 (SnO2: F)ا��%��� (��)'�&ر 

� ا��"�!� و �� ر���6 �� ا������ ر,45 2'1 ��3ا��ا. ��)'�&ر 2'1 ا�.���0ا�.%��� (��"�ر!� �/�

 �7�480°�ر�9 ;�ارة (ا��96ج ا��C . �,درا ��ھ�ا ا����  	
���=� 1'2 >�� �� �� ا�.%��� و ا�

��&�� FGل ط�D ;�&د ا���C ا������  .ا����ة ا��5&!� و ا��ABو@&��� �'�3ا��, �ا�7"��? ا�

(XRD)  ر و�%�Cا������ت ذات (��� ر(���2 ا J��9 4K�� L�; ة�� ا����5 ا�5'&ر!� �/
Fم ا���!��� ��

�دة ا�5'&رات�.� . �
Fم #�� ا��%��� ��ن و
Q اP��Oه ا��)Cا &�K(211)  م ا��%��� (��)'�&رF
Cأ�� ا

أ�� ��� ;O� ا�5'&رات �'�����ت ا����ة ��4K �� ر��5 . (200)� 
�Bن �K&ھ� و
Q اP��Oه ا��)

11.57-28.16 nm . 	ء ا����&'� ����2 ��
�(� �Aة أظ��رت ط�D ا��)�ذ!� ا�&��� �'����ت ا����

� ا��"�!� �� ا�&��� ��3ا��)O&ة ا�%��ا���� أ�� . %87-73: �(�)�ذ!���%��� �%��� و ا�ا�#��  ����	 أ�

3.62-3.93 :��رت (ـ(��)'�&ر  eV . ��)�� ن��ز�� F5دد ا���ب �� &�����6 ا��&ا�� ا���ة ا���

1.575×1021-1.767×1021cm-3. ة (��4  ان�J��9  أندرا,� ا�7"��? ا��AB(���� �'����ت ا���


FمCا  	فھ�"Kا�� �� ا��&ع  أ&Kn  ر��� ����)�ABرا,� ا��و ��� ����6 ا��&ا�� ا���ة ا����&(� �� ا�

 ��)�� 	
2.04×1019-0.04×1019 cm-3   �AZ! L�;�AKدد  أ��ا,%� &) �)&�ا�� �� ا���� ا���

�رت . ا�F5ز���
� ��� ����� ا�O&دة �'�����ت ا����ة 
	 ھ�ا ا���� !��� ا��را,� ا��ABو@&��� �� ��

�2�  (Ω-1) 3-10×�13.04] (ـ ا����� ا���Zـ1 λ=700 nm  �5�6
	 ا����� ا��%��� (��)'�&ر (� wt. % 

 >�����B3 ('&رة ����	  أ�� FTIRط�D ا���C ��4 ا����اء  أ��. nm 440ذات ا���ا��"�!�  أ�

SnO2  , �%)اھ.6از �'�ا \�K D�%ا� �A�5 �'����ت ا��%��� (��)'�&ر أظ����)Sn-F  710;&ل cm-1. 

� �5�� اظ�A  ."�ف ھ�ه ا��%&ح ��Oه ا���ء(����

Fم ا������  C ���س زاو!� ا�.��س Cا �%,C


Fم ا����ة 
	 ھ�ا إن ھ�ه اC. °109 أ2'1 ���� �6او!� ا�.��س�رھ] �'��ء ;� L��4K � أ�AK ا����ة


	 �%���5ت ا�F7!� ا��3��� و أ!� ��&اد ذا��� ا����  �A����.,ا �B�!D�Z�.ا�.  

  

��	

Fم ا������ �� : ا����
ت ا����CاTCO ; SnO2; FTO; 	�&"ق ا�&
 .��Aو@&��� ;ا��ش 
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I.  Motivation  

 

Recently, increased technical activity has been directed towards both the deposition 

and characterization of transparent conducting oxides (TCOs) thin films such as: tin oxide 

(SnO2) [1, 2], indium oxide (In2O3), indium tin oxide (ITO) and titanium oxide (TiO2) owing 

to the multifunctional properties that such films exhibit [3, 4]. Almost all countries have 

initiated programmes to develop indigenous alternate TCOs. The main objective of all 

technological developments is to develop TCO materials with low resistivity and high 

transparency. Transparent conductive oxides (TCOs) have high optical transmission at visible 

wavelengths and electrical conductivity close to that of metals. They, also, reflect near 

infrared and infrared (i.e., heat) wavelengths. Consequently, TCOs are used in a wide range of 

applications, including solar cells [1], gas sensors [5], optoelectronic devices, flat panel 

displays; liquid crystal displays (LCD), electro-chromic smart windows, as well as 

architectural coatings [5, 6]. 

TCOs materials have been intensely developed since the late 1970’s but have actually 

been around for a century [7]. Cadmium oxide (CdO) was the first TCO and was used in solar 

cells in the early 1900’s [8]. Tin dioxide (SnO2) belongs to the class of TCOs materials; SnO2 

is available and easy to deposit as thin films by using several techniques. The surface and 

materials properties of SnO2 (and doped SnO2) make it suitable for major TCOs applications. 

Tin dioxide was first deposited on glass in the 1940s for electroluminescent panels [9, 10]. 

Since then, applications and deposition processes have mushroomed. TCOs thin films and 

materials are some of the most commonly used materials that we depend on for a wide range 

of applications. 

This work is devoted to the study of the deposition of undoped and fluorine doped 

SnO2 thin films on glass substrates by ultrasonic spray process. The aim of this study is to 

determine spectroscopically  the optoelectronic magnitudes of F doped SnO2 prepared by 

ultrasonic spray. In this work, tin dichloride SnCl2 is used as precursor and ammonium 

fluoride (NH4F) as source of fluorine doping. The choice is based on the possibility to obtain 

these materials with low cost; in addition, SnO2 is easy to deposit on glass substrate by 
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ultrasonic spray. The elaborated undoped and F-doped SnO2 thin films are analyzed and 

different films properties (structural, optical and opto-electrical) are studied using 

spectroscopic methods, the results will be discussed to examine the quality of elaborated thin 

films and to determine the appropriate applications. In this thesis, detailed theoretical study 

and organization is performed in order to present a coherent view of the subject. 

 

II.  Organization of the Thesis 

This thesis is organized into the following structure: 

Chapter I: It starts with giving the definition of transparent conducting oxides, then 

introducing a historical background of TCOs. Following that, the main properties that 

distinguish TCOs materials and their important applications are listed. Finally, it ends up with 

the definition of tin oxide and FTO materials. 

Chapter II: In this chapter, the concept of Thin Film is presented with explaining the 

different steps of thin films growth mechanism. After that, the techniques and methods used 

in thin films deposition are described, focusing on ultrasonic spray technique. In addition, the 

different analytical techniques used to characterize TCO thin films are described.   

Chapter III:   In this chapter, firstly, the experimental steps used to deposit undoped 

and F doped SnO2 thin films prepared by ultrasonic spray are introduced. Whereas, secondly, 

the experimental results obtained by the analysis of the elaborated SnO2: F thin films are 

presented with focusing on the structural, optical and opto-electrical properties of undoped 

and F doped SnO2 thin films prepared by ultrasonic spray method. 

Chapter IV: This chapter introduces a broad discussion of the experimental results 

obtained by the analysis of the elaborated SnO2: F thin films, which presented in the previous 

chapter, with offering the appropriate applications for the elaborated films according to the 

obtained results. 

The work is summed up with a general conclusion that summarizes the primary 

findings of this thesis and, in closing, suggests avenues for future studies. 
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 Every solid object has a surface; this surface is the discontinuity in the bulk materials 

properties and has been the target of modifications (artistic decoration and/or functional 

improvement) since the earliest times of mankind. Today, modern products offer even more 

new functions with the unusual properties that often cannot be found in bulk sample. These 

product materials open completely new areas of applications. The multi-functionality of these 

technical products concerns their surface properties. Surface coating of glass, with different 

types of films, is one of the technologies that occupy a key position in the material and 

product development. Transparent Conducting Oxide (TCO), thin films are the most 

important of these materials [1]. 

I.1 TCOs Definition 

There is a family of metal oxides, which in addition to being transparent can become 

conductive (n-type) if they have an excess of electrons in their lattice. This excess of electrons 

can be created either by structural defects inducing an imbalance in the stoichiometry of the 

oxide as SnO2 [2], or by a suitable doping [3]. Such transparent conductive oxides are called 

(TCOs). TCOs have a high gap and are, in fact, degenerate semiconductors, i.e. that their 

Fermi level is close to the conduction band (BC) , and even within this band for TCO highly 

doped. This means that the BC already contains a considerable number of electrons at room 

temperature, owing them conducting properties. In addition, TCO with high gaps, are 

transparent in the region of visible light [4]. Simple definition can be given to TCOs: 

Transparent Conductive Oxides are degenerate semiconductors with wide band gap that have 

the dual property of being good electric conductors and transparent in the visible region [5]. 

TCO thin films in practical use as transparent electrodes are reported to exhibit conductivity 

of the order of 104 S.cm-1 and an average transmittance above 80% in the visible range. The 

TCO semiconductors suitable for transparent electrodes should have a carrier concentration 

over than 1020 cm−3 [6]. 

I.2 TCO Thin films 

 Transparent conductive oxides (TCOs) thin films are layers of a material deposited on 

substrate. The term thin films, as used here, refers to material layers with thicknesses too 

small (0.1-1000nm) but having completely the bulk materials properties as described in, e.g. 

ASTM standards.  
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I.3 Historical Background  

TCOs have been known for  more than century. However, their technological and 

commercial use as thin films has been emerged for half a century. The history of TCO starts 

from 1907, with the discovery of Cadmium Oxide (CdO) thin film by a German scientist Karl 

Badeker [7]. Due to its small band gap, CdO transparency was too low to be used for practical 

applications. The first transparent conductive oxide, which has been patented for his 

discovery in the undoped and in the doped states, is the tin oxide SnO2 in 1931 and 1942 

respectively [8, 9]. In 1951, tin-doped indium oxide Sn-In2O3 which called (ITO) was 

synthesized by J.M. Mochel [8]. The practical use of TCO started with discovery of tin-doped 

In2O3 in 1954 by G. Rupprecht [10]; Binary compounds TCOs such as ZnO, SnO2, In2O3 and 

their alloys were also recognized in 1960s [11]. Ternary compounds such as Cd2SnO4, 

CdSnO3 and CdIn2O4 were developed as TCO materials prior to 1980. After this date, 

impurity-doped ZnO such as ZnO: Al and ZnO: Ga along with abundant of binary compounds 

were developed. In 1990s, new TCO materials consisting of multi-component oxides, like 

combination of ZnO, CdO, In2O3 and SnO2, have been born [12]. All TCOs, mentioned 

above, are n-type. There was no p-type TCO reported until 1993, when H. Satu and his co-

workers reported NiO as p-type TCO [13]. The second report on CuAlO2 as a p-type TCO 

was published in 1997, by H. Kawazoe et al., with considerable improvements over NiO [14]. 

This opened the development of a series of p-type TCOs [15]. However, until now no 

efficient p-type TCO having opto-electrical properties, comparable to its n-type counterpart, is 

available. If there would be an efficient p-type TCO, it can be used as transparent pn-junction 

which will lead to a new generation of electronics known as “transparent electronics” [6]. 

I.4 TCO’s Materials  

The first TCO was discovered when a sputter deposited cadmium thin film underwent 

incomplete thermal oxidation with post-deposition heating in air [16, 17]. Since this 

realization, many others TCOs materials have been developed with tin oxide, indium oxide, or 

zinc oxide as the main component which are displayed in Table I.1 [18]. Indium tin oxide 

(ITO) is an In2O3-rich compound of In2O3 and SnO2 that has become the principal TCO 

material due to its excellent optical and electrical properties, having average resistivity of 

about 10-4 Ω⋅cm [16, 19]. However, alternatives to ITO are being investigated because of the 

high cost and scarcity of indium. 
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Table I.1: Common TCO materials. 

Main Component Dopant 

Tin Oxide (SnO2) 
Fluorine (F) 

Antimony (Sb) 

Indium Oxide (In2O3) 
Tin (Sn) 

Zinc (Zn) 

Zinc Oxide (ZnO) 

Aluminum (Al) 

Boron (B) 

Gallium (Ga) 

 

Fluorine-doped tin oxide (FTO) is the second most used TCO which is one of our 

goals in this study. Aluminum, Indium and gallium-doped zinc oxides (AZO, IZO and GZO, 

respectively) are also good alternatives to ITO, but they tend to degrade faster than ITO and 

FTO in hot, moist atmospheres [16, 20]. Antimony tin oxide (ATO) is Sb-doped tin oxide 

(SnO2).Due to its low cost, ATO properties have been studied and looks to be a promising as 

an alternative to ITO [16]. Anatase TiO2 doped with Nb oxide (TNO) has properties that ITO 

does not possess, such as high refractive index, high transmittance in the infrared region and 

high chemical stability in reducing atmosphere [21]. 

I.5 Types of TCOs 

 All TCOs can be classified into two major classes; the p-type and the n-type, based on 

their majority charge carriers. The n-type conductivity of TCOs results from Oxygen-

vacancies, interstitial metal ions impurities due to some intrinsic or extrinsic defects and n-

type doping ions, while the p-type conductivity is due to oxygen-excess, interstitial metal ions 

vacancies and p-type doping [6]. 

I.5.1 n-type TCOs 

 An n-type TCO is one in which the majority charge carriers are electrons. Most of the 

known TCOs are n-type and, therefore, are most commonly found in practical applications. 

The presence of extrinsic donors generates free electrons resulting in n-type conductivity. 

Historically, most research to develop TCO thin films as transparent electrodes has been 

conducted using n-type semiconductors [6].  
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I.5.2 p-type TCOs 

 In p-type TCOs the majority charge carriers are holes having positive charge. 

Preparation of p-type TCOs needs shallow acceptor level slightly above the valence band. 

Among these p-type TCOs reported so far, NiO is considered to be one of the most promising 

[14]. Advancements in p-type TCO materials development are still in a growth stage.  

Conductivity of p-type oxide semiconductors is lower than the n-type conductivity [22], 

because of the strong localization behavior of positively charged holes at the valence band 

edge of the oxide materials, which cannot migrate even under a consistent electric filed [6]. 

I.6 Criteria for Choosing TCOs 

 It is apparent from the diversity of applications for TCOs that no material is most 

suitable for all uses. Depending on which material property is of most importance, different 

choices are made. Table I.2 lists some of the most important criteria that may influence the 

choice of a TCOs materials. 

 

Table I.2: Choice of transparent conductive oxides [23] . 

Property Material 

Highest transparency ZnO: F, Cd2SnO4 

Most easily etched  ZnO: F 

Best resistance to H Plasmas ZnO: F 

Best thermal stability SnO2: F, TiN, Cd2SnO4 

Best mechanical durability SnO2: F, TiN 

Best chemical durability SnO2: F 

Lowest cost  SnO2: F 

Least toxic SnO2:F, ZnO: F  

Lowest deposition temperature In2O3: Sn, ZnO: B, Ag 

Highest conductivity In2O3: Sn 

Lowest plasma frequency SnO2: F, ZnO: F 

Highest plasma frequency In2O3: Sn, Ag, TiN 
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 For each application, the most suitable TCO is the

conductivity coupled with good optical transparency 

thermal durability, etchability, plasma 

and cost are other factors that may also influence the choice of transparent conducting 

material for any particular application 

I.7 Optical Properties of TCOs

An important feature of TCOs is the existence of a transmission window covering 

most part of the visible spectrum. In literature, the optical transmission is defined as the ratio 

between transmitted intensity averaged over all values in between 40

incoming light intensity. The typical spectral dependence of TCOs is schematically shown in 

Figure I.1.  

Figure I.1: Spectral dependence of TCOs materials: 

absorption and free electron plasma absorption take place

The transmission window is defined by two regions where no light is transmitted due to 

different phenomena: At low wavelengths 

gap dominating. Near-and UV 

energy is absorbed and transformed to band to band transitions, and no light is transmitted. 

For longer wavelengths, in the (near) infrared (IR

due to the plasma edge (λ>λ

classical Drude free electron theory 
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For each application, the most suitable TCO is the one that shows good electrical 

with good optical transparency [24]. The physical, chemical, and 

thermal durability, etchability, plasma frequency, thickness, deposition temperature, toxicity, 

and cost are other factors that may also influence the choice of transparent conducting 

material for any particular application [23]. 

of TCOs 

An important feature of TCOs is the existence of a transmission window covering 

most part of the visible spectrum. In literature, the optical transmission is defined as the ratio 

between transmitted intensity averaged over all values in between 400 nm and 700 nm

. The typical spectral dependence of TCOs is schematically shown in 

Spectral dependence of TCOs materials: λg and λp are the wavelengths at which the band gap 

absorption and free electron plasma absorption take place [25

The transmission window is defined by two regions where no light is transmitted due to 

At low wavelengths (λ<λg) the absorption due to the fundamental band 

and UV energy is high enough to equal the band gap energy. This 

energy is absorbed and transformed to band to band transitions, and no light is transmitted. 

For longer wavelengths, in the (near) infrared (IR) part of the spectrum, 

λ>λp) where light is reflected by the material 

classical Drude free electron theory [26]. 

Transparent Conductive Oxides (TCO) 

one that shows good electrical 

The physical, chemical, and 

, thickness, deposition temperature, toxicity, 

and cost are other factors that may also influence the choice of transparent conducting 

An important feature of TCOs is the existence of a transmission window covering 

most part of the visible spectrum. In literature, the optical transmission is defined as the ratio 

0 nm and 700 nm and 

. The typical spectral dependence of TCOs is schematically shown in 

 

are the wavelengths at which the band gap 

5] . 

The transmission window is defined by two regions where no light is transmitted due to 

due to the fundamental band 

is high enough to equal the band gap energy. This 

energy is absorbed and transformed to band to band transitions, and no light is transmitted. 

 no light is transmitted 

light is reflected by the material as described by the 
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In the free electron model, the electrons may be considered as plasma whose density is set 

into motion by the electric field component of the electromagnetic field. The plasma oscillates 

at a natural frequency ωp (resonance or plasma frequency). This frequency corresponds to the 

plasma wavelength λp and has orders of 1-4 µm for TCOs [23]. The plasma wavelength λp is 

expressed as follow:  

p
p

c

ω
πλ 2=                                                          (I.1) 

where c is light speed at vacuum. The interaction of free electrons with the electromagnetic 

field influences the relative permittivity ε of the material, which is expressed as a complex 

number: 

2)( ikn−=ε                                                      (I.2) 

The real and imaginary part is the refractive index (n) and the extinction coefficient (k) 

respectively. These parameters determine the reflectance and absorptance of the material. 

Close to the plasma frequency, the properties of the material changes drastically. In the 

infrared (IR) part of the spectrum, below this critical value (ω<ωp, or λ>λp) the imaginary part 

of Eq. I.2 is large, and the penetrating wave drops off exponentially [27]. The real part is 

negative, and the material has near-unity reflectance. For ω>ωp (or λ<λp) the imaginary part 

tends to zero, and absorption is small. The refractive index is positive and almost constant 

with frequency according to: 

∞∞ ≈






−= εω
ωε

2
2/1 1 pn                                                (I.3) 

Here ε∞ is the high frequency permittivity. The TCO behaves like a dielectric and is 

transparent in the region for ω>ωp [28]. In this transparent regime the film is weakly 

absorbing (k2<<n2) and the transmission can be expressed as [29]: 

)exp()1( tRT α−−=                                                       (I.4) 

R is the zero degree incidence reflectance, t is the film thickness and α is the absorption 

coefficient which depends on the wavelength according to: 
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λ
πα k4=                                                             (I.5) 

Close to λg the reflectance is zero and the absorption coefficient as a function of wavelength 

can be obtained easily from the transmission curve.  

Band gap energy, for direct transition semiconductor, is calculated from the Tauc plot [30], 

(αhv)2 versus the photon energy (hν). If (αhv)2 is extrapolated to the x-axis intersection 

(α2=0), Eq. I.6 implies that the photon energy equals the band gap energy (hv≈Eg). The 

following relation applies for direct allowed transitions: 

)gEυhυhα −= (  )( 2                                                         (I.6) 

where (hν) is the photon energy. This method is commonplace to extract band gap energy 

from transmission data. 

I.8 Electrical Properties of TCOs 

I.8.1 Resistance sheet (Rsh) and Electronic Conductivity  

For thin films of uniform thickness t, the electrical resistance is sometimes expressed 

as the sheet resistance (Rsh=ρ/t in Ω/cm2). Other than the thickness, the sheet resistance is 

independent of the film dimensions. The resistivity ρ=t×Rsh is defined as the inverse of the 

conductivity where: 

Nµeσ
ρ

..

11 ==                                                         (I.7) 

where σ is the conductivity, N is the number of charge carriers in the material, µ is their 

mobility and e is the elementary electron charge [31, 32].  

I.8.2 Band Structure 

The presence of a band gap, providing low absorption in the visible range, is an 

essential feature of TCOs. The top of the valence band is mostly formed by the oxygen 2p 

bands, whereas the bottom of the conduction band is composed of a single and highly 

dispersed s band. The oxygen 2p orbitals are low in energy, therefore, a large band gap can be 

obtained in metal oxides. In intrinsic stoichiometric oxides, coexistence of electrical 
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conductivity besides visible transparency is not possible. However, substitutional doping by 

cationic donors or anion vacancies can create charge carriers, i.e. electrons. The donor (or 

acceptor) states alter the electronic band structure of the material. For increased donor density, 

the donor states merge with the conduction band at a certain critical density Nc, whose 

magnitude can be estimated by Mott’s criterion [31, 32]. 

25.0. *
0

3/1 ≈aNc                                                      (I.8) 

The effective Bohr radius a0*  is given by: 

*2
0

2
*
0

c

r

me

h
a

π
εε=                                                           (I.9) 

Where ε is the static dielectric constant of the host lattice and mc*  is the effective mass of the 

electrons in the conduction band. The critical density Nc is calculated as 6.4 x1018 cm-3 for 

In2O3. In general, the carrier density in TCOs is by far larger than this (up to 1021 cm-3 in 

ITO). Above this Nc (Mott critical density), free electrons behaviors can be expected. The 

donor states have merged with the conduction band leading to degenerating material. The 

Fermi energy EF is determined by the highest occupied state of the conduction band, and one 

can write: 

3/2
*

2

*

22

)3(
22 v

cc
F N

mm

k
E πhh ==                                             (I.10) 

Figure I.2 represents a schematic TCO band structure. The later is approximated by parabolic 

functions of k close to the band edges. The valence band maximum and conduction band 

minimum are both located at k=0, in the case of direct band gap material [33]. 
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Figure I.2: Schematic representation of the band structure of undoped (a) and doped (b) TCO in the vicinity of 

valence band top and 

I.8.3 Scattering Mechanisms 

As mentioned previously

can be expressed as: 

Where τ is the relaxation time

carriers and m* is the electron effective mass. The parameters are affected by the different 

scattering mechanisms: lattice scattering, ionized impurity scattering, neutral impurity 

scattering, electron-electron scattering, electron

scattering [34]. The total mobility

In crystalline TCOs, all scattering mechanisms have little effect except the ionized impurity 

scattering [35]. However, TCOs deposi

nature, and high doping concentrations result in the formation of neutral complexes 

these cases, grain boundary and neutral impurity scattering should also be taken into 

consideration. We will return to such mechanisms in the result discussion. 
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Schematic representation of the band structure of undoped (a) and doped (b) TCO in the vicinity of 

top and conduction band. The grey areas denote the occupied states.

echanisms  

previously, the conductivity of TCOs is reflected from the mobility that 

FVm

le

m

e

.

..
**

== τµ                                                    

he relaxation time, VF is the drift velocity, l is the mean free path 

is the electron effective mass. The parameters are affected by the different 

scattering mechanisms: lattice scattering, ionized impurity scattering, neutral impurity 

electron scattering, electron-impurity scattering and grain boundary

. The total mobility, µtot, can be written as function of above sited mobilities 

∑=
i itot µµ

11
                                       

all scattering mechanisms have little effect except the ionized impurity 

. However, TCOs deposited at lower temperatures have

nature, and high doping concentrations result in the formation of neutral complexes 

grain boundary and neutral impurity scattering should also be taken into 

We will return to such mechanisms in the result discussion. 
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Schematic representation of the band structure of undoped (a) and doped (b) TCO in the vicinity of 

. The grey areas denote the occupied states. 

TCOs is reflected from the mobility that 

                                                   (I.11) 

mean free path of the charge 

is the electron effective mass. The parameters are affected by the different 

scattering mechanisms: lattice scattering, ionized impurity scattering, neutral impurity 

impurity scattering and grain boundary 

function of above sited mobilities µi: 

                                                    (I.12) 

all scattering mechanisms have little effect except the ionized impurity 

ted at lower temperatures have lower crystalline 

nature, and high doping concentrations result in the formation of neutral complexes [36]. In 

grain boundary and neutral impurity scattering should also be taken into 

We will return to such mechanisms in the result discussion.  
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I.9 Correlation of Optical and Electrical Properties 

I.9.1 Plasma Frequency 

 The optical parameters of TCOs such as plasma frequency and refractive index are 

affected by the electrical properties of the material. Plasma frequency is the frequency of 

periodic oscillations of charge density in conducting media. The earlier mentioned plasma 

resonance frequency is not a fixed value, but varies with the electron concentration [6]. If the 

frequency incident light is higher than the plasma frequency of the material, the free charges 

cannot respond to the incident light and the material behaves as a transparent dielectric. 

However, in contrast case, materials reflect and absorb incident light. For most TCOs 

materials, the plasma frequency falls in the near-infrared region, that is why, the TCOs show 

good transparency to the visible light [23]. The plasma frequency is proportional to the square 

root of the conduction electron concentration (see Eq. I.13). Thus, larger value of doping 

concentration increases the plasma frequency thereby reducing the wavelength range of 

transparency while increasing the electrical conductivity and vice versa [6]. The relationship 

between plasma frequency and carrier concentration is expressed by: 

*
c

p mεε

Ne
ω

∞

=
0

2

                                                      (I.13) 

where N is the carriers concentration, e is the electronic charge, ɛ0 is the permittivity of free 

space, ɛ∞ is the high frequency permittivity and m* is the effective mass. At this frequency, the 

dielectric-like visible transmittance equals the metallic-like IR reflectance (T=R). Thus, the 

IR reflectivity of the material can be tuned, which is important for heat reflecting or low 

emissive window applications [37, 38]. 

I.9.2 Burstein-Moss Shift 

For heavily doped TCOs, a gradual shift of the band gap towards higher energy as the 

electron density increases is generally observed [34]. This well known effect is attributed to 

the Burstein-Moss shift (BM shift) [39]. In heavily doped TCOs, the lowest states in the 

conduction band are blocked. Hence transition can only take place to energies above EF (see 

Figure I.3), enlarging the effective optical gap(case generally confronted in experimental 

estimation of optical band gap as it will be discussed in results chapter). The energy gap 
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between the top of valence band and lowest empty state in the conduction band (both assumed 

parabolic) can be given by:

in this formula Eg
0 is the intrinsic band gap and the BM shift given by:

here m vc*  is the reduced effective mass of the electron carriers given by:

where m c*  and m v*  are effective mass of the carriers in the conduction and valence band 

respectively. The term (ћΣ) 

electron-impurity scattering

counteracts the BM shift. This effect is of importance at very high carrier concentrations 

(order 1021 cm-3). 

Figure I.3: Schematic representation 

TCO. The grey areas denote the occupied states.

I.9.3 Figure of Merit 

Effective TCOs should possess both high electrical conductivity and low absorption of 

visible light. Thus, the ratio between the transmittance (

transparent conducting films is
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between the top of valence band and lowest empty state in the conduction band (both assumed 

be given by: 

Σ−∆+= h
BM
ggg EEE 0                                 

is the intrinsic band gap and the BM shift given by: 
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is the reduced effective mass of the electron carriers given by:
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+=                                                     

are effective mass of the carriers in the conduction and valence band 

Σ) in Eq. I.14 represents self energies due to electron

impurity scattering (generally neglected), causing a band gap narrowing that 

counteracts the BM shift. This effect is of importance at very high carrier concentrations 

 

Schematic representation the enlarging of optical gap by BM effect: (a) 

TCO. The grey areas denote the occupied states. 

Effective TCOs should possess both high electrical conductivity and low absorption of 

the ratio between the transmittance (T) and sheet resistance (

transparent conducting films is called figure of merit (φ) for rating these materials. Later

CB 

VB 

Transparent Conductive Oxides (TCO) 

between the top of valence band and lowest empty state in the conduction band (both assumed 

                                           (I.14) 

                                 (I.15) 

is the reduced effective mass of the electron carriers given by: 

                                     (I.16) 

are effective mass of the carriers in the conduction and valence band 

represents self energies due to electron-electron and 

, causing a band gap narrowing that 

counteracts the BM shift. This effect is of importance at very high carrier concentrations 

by BM effect: (a) undoped TCO (b) doped  

Effective TCOs should possess both high electrical conductivity and low absorption of 

) and sheet resistance (Rsh) of 

) for rating these materials. Later, 
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Haacke defined a more suitable measure as for some applications optical absorption is too low 

at maximum φ [40]. This new figure of merit is defined as:

This magnitude finds its application in solar cells

I.10 Hydrophobic Properties of 

Water drops on hydrophilic, or water

contact area. For a hydrophobic surface, drops of water sit up high to minimize their area

contact with the material. 

surface meets the material) less than 30 degr

angle greater than 90 degrees as shown in 

Figure I.4: Contact angles

The basic law determining the equilibrium shape of a liquid 

formulated by Thomas Young. The drop’s shape is governed by the action of forces pulling at 

the three phase contact line of the drop in the plane of the solid

solid/liquid, liquid/gas and solid/gas interfaces meet.

line are the surface tensions, and their balance yields the famous equation bearing Young’s 

name: 

Where θY is Young angle, 

solid/gas, solid/liquid, and liquid/gas respectively
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Haacke defined a more suitable measure as for some applications optical absorption is too low 

. This new figure of merit is defined as: 

shR

T10

=ϕ                                                  

This magnitude finds its application in solar cells [41]. 

Properties of TCO's Films Surfaces 

Water drops on hydrophilic, or water-loving surfaces spreads across it to maximize the 

contact area. For a hydrophobic surface, drops of water sit up high to minimize their area

contact with the material. A hydrophilic surface has a contact angle (where the droplet’s 

material) less than 30 degrees; whereas a hydrophobic surface has a contact 

angle greater than 90 degrees as shown in Figure I.4. 

ontact angles for hydrophilic, hydrophobic and superhydrophobic surfaces

The basic law determining the equilibrium shape of a liquid drop on a surface was 

formulated by Thomas Young. The drop’s shape is governed by the action of forces pulling at 

the three phase contact line of the drop in the plane of the solid,

solid/liquid, liquid/gas and solid/gas interfaces meet. The forces (per unit length) acting at this 

line are the surface tensions, and their balance yields the famous equation bearing Young’s 

Yslsg θγγγ coslg=−                                                      

 γsg, γsl and γlg are the surface tensions between the three phases

solid/gas, solid/liquid, and liquid/gas respectively. If the drop is small enough such that 

Transparent Conductive Oxides (TCO) 

Haacke defined a more suitable measure as for some applications optical absorption is too low 

                                                          (I.17) 

across it to maximize the 

contact area. For a hydrophobic surface, drops of water sit up high to minimize their area of 

A hydrophilic surface has a contact angle (where the droplet’s 

a hydrophobic surface has a contact 

 

for hydrophilic, hydrophobic and superhydrophobic surfaces.  

drop on a surface was 

formulated by Thomas Young. The drop’s shape is governed by the action of forces pulling at 

, which is where the 

The forces (per unit length) acting at this 

line are the surface tensions, and their balance yields the famous equation bearing Young’s 

                                                     (I.18) 

the surface tensions between the three phases 

. If the drop is small enough such that 
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gravity is negligible, which typically is the case for drops of millimetre size down to 

micrometres, the drop will have the shape of a spherical cap and the liquid/gas interface meets 

the solid surface at an angle θY, which is called the intrinsic contact angle of the drop [42, 43]. 

I.11 TCO’s Applications 

I.11.1 Transparent Heat Reflecting Films 

TCOs films, on one hand, efficiently reflect infrared heat radiation; on the other hand, 

they transmit light effectively in the visible region as if they were insulators. Such spectrally 

selective films have wide applications in solar thermal energy conversion, solar photovoltaic 

conversion, solar heating, window insulation and thermal insulation in lamps. Their ability to 

reflect thermal infrared heat is exploited to minimize the heating cost in winter and air-

conditioning cost in summer [6, 44]. 

I.11.2 Solar Cells  

TCOs films permit the transmission of solar radiation directly, with little or no 

attenuation, to the active region. In addition, TCOs films can serve simultaneously both as a 

low-resistance contact to the junction and anti-reflection coating of the active region. Solar 

cells utilizing these transparent conducting coatings are now being fabricated widely [41, 44].  

 

I.11.3 Gas Sensors 

The semiconducting properties of the TCOs films have been exploited in sensing of 

various gases [44]. Many TCOs are suitable for detecting combustible, reducing, or oxidizing 

gases such as: CO, CO2, H2, H2O, H2S, NH3, CH4, SOx and NOx. For instance, all the 

following oxides (SnO2, ZnO, In2O3, WO3 and TiO2) show a gas response in their 

conductivity. However, the most commonly used gas sensing materials are SnO2 and ZnO 

[45-48]. 

I.11.4 Other Applications  

In addition to these above main applications, TCOs films are now being widely used 

in a variety of other applications such as: 
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• Microwaves’ windows are coated with TCO which allows visible light to pass and 

block microwaves so as to protect eyes [23]. 

• The electrical conductivity of TCOs is exploited in flat panel displays [23]. 

• Electric current is passed through TCOs to defrost windows of vehicles and to keep 

the deep cases of freezers frost-free [23].  

• TCOs can also be formed into invisible security circuits on windows and transparent 

radio antennas built into automobile windows [23]. 

• TCOs can be used as photocatalytics, where active surfaces can cause breakdown of 

organic molecules adsorbed on these surfaces under the action of solar irradiation. 

Thus, unpleasant pollutants can be decomposed into tasteless, odorless, or at least less 

toxic compounds [44]. 

 

I.12 SnO2 Crystalline Structure 

As it is known, tin oxide (SnO2) is a crystal of white color, the density is 7.0096 

g/cm3, melting point is about 2000°C. The SnO2 films have predominantly amorphous or 

polycrystalline structure with a tetragonal lattice of rutile with parameters a=b=4.737Å, 

c=3.185Å as provided from JCPDS card No: 41-1445, with two tin atoms and four oxygen 

atoms in the unit cell. Tin dioxide with the rutile structure (see Figure I.5) is an n-type 

semiconductor with a wide and direct band gap more than 3.6 eV [49, 50]. 

 

 

Figure I.5: Bonding geometry of the tetragonal unit cell of SnO2 in the rutile structure [51] . 

I.12.1 SnO2 Gap 

Tin oxide thin film gap varies from 3.6 to 4.2 eV, its variations are related to the 

deposition techniques. The extreme of the valence band and the conduction band are on the 
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I.12.2 Different Phases of Tin Oxide

SnO2 films are amorphous when they are 

films crystallization begins only from this temperature. 

deposition techniques are generally non

as SnO and Sn3O4. SnO phase appears at the 
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I.13 Fluorine Doped Tin Oxide (FTO)

One of the most promising

transparent conductive oxide n

inert material and mechanically hard; it is resistant at high temperature and stable against the 

atmosphere [5] and acidic solutions

of 1019 to 1020 cm-3. Electrical properties can be improved with doping. Doping with fluorine 

(F), antimony (Sb), cobalt (Co), Cerium (Ce), 

molybdenum (Mo) and indium (In) has been achieved to improve tin oxide (SnO
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r

is the wave vector in the Brillouin zone

which means direct band gap. Electrons transitions from the valence band to the conduction 

Figure I.6: SnO2 Band structure [51] . 

Phases of Tin Oxide (SnO2) 

are amorphous when they are deposited at temperatures below than 350°

films crystallization begins only from this temperature. SnO2 thin films produced by different 

deposition techniques are generally non-stoichiometric, they represent metastable phases such 

. SnO phase appears at the deposition temperature of 400°

C. This phase decomposes to SnO2 and Sn with 

phase appears during heat treatment at 600°C for 5 minutes and transformed 

after annealing at 600°C for one hour [5]. 

Fluorine Doped Tin Oxide (FTO) 

One of the most promising TCO materials is tin oxide (SnO

transparent conductive oxide n-type. It was the first TCO to be marketed.
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commercial TCO due to its low cost and simplicity. When fluorine ions are introduced into 

the SnO2 lattice, the fluorine ions are supposed to occupy the oxygen ions due to the 

following reasons: similar ionic radius (F1.17:-ـÅ, O21.22:-ـÅ) [59], comparable bond energy 

with Sn (Sn–O bond ~527.6k.J.mol-1, Sn–F bond ~466.5k.J.mol-1)  . Thus, the lattice is nearly 

unable to distinguish between fluorine ions and oxygen ions [5, 60]. 

A survey of literatures reveals that the oxygen vacancy (VO) and substitution of 

fluorine for oxygen (F-) are the main donors in un-doped SnO2 film and FTO film, 

respectively. In the substitution of oxygen by fluorine, each F ــ-   substitutes an O2ـ- andـ 

provides one free electron causing an increase in the carrier concentration in comparison with 

non doped SnO2. However, there is a solubility limit of fluorine ions in the SnO2 lattice, 

beyond which the excess fluorine ions do not occupy the proper lattice position to produce 

free carriers, but to fill the interstitial site. The interstitial fluorine has a negative effect on 

carrier concentration at high fluorine levels [61]. 

 

Conclusion 

From this chapter one can conclude the following points: 

• Transparent Conductive Oxides are degenerate semiconductors with wide band gap 

that have the dual property of being good electric conductors and transparent in the 

visible region. 

• Historically, TCOs were limited primarily to Indium tin oxide, tin oxide with fluorine 

doping and zinc oxide with aluminum doping. Over the past 5–10 years the field has 

exploded to include a vastly increased number of n-type TCOs and new p-type TCOs.  

• TCOs films are widely used in applications such as Transparent Heat Reflecting 

Films, Solar Cells and Gas Sensors. 

• One of the most promising TCO materials is tin oxide (SnO2). Tin oxide has a rutile 

structure, and it is an n-type semiconductor with a wide and direct band gap more than 

3.6 eV. 

• Fluorine doped tin oxide (FTO) has been proved to be the most effective and achieved 

commercial TCO due to its low cost and simplicity. 
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The principal application of TCOs is in thin films form; which can be deposited by 

various deposition techniques. Each of these techniques has advantages and disadvantages as 

it will be shown in this purpose. Chapter II outlines various techniques used for synthesizing 

thin films, with detailed account of spray ultrasonic method used in this work. Thin films 

growth mechanisms will be described in this chapter too. Also, different techniques, used to 

characterize structural, optical and electrical properties of elaborated SnO2 and F-doped SnO2 

thin films, for this work, will be described with relevant principles of their operation and 

working. 

 

II. 1 Thin Film Definition 

Thin films are thin material layers ranging from fractions of a nanometer to several 

micrometers in thickness. So a thin film is defined as a low dimensional material created by 

condensing, one by one, atomic/molecular/ionic species of matter. The very presumes idea of 

a thin film is the existence of a substrate; If no substrate, it is foil [1-3]. 

 

II.2 Thin Films Growth Mechanism 

There are several stages in the growth process, from the initial nucleation of the 

deposits to the final continuous three-dimensional film formation state. These stages, 

schematically illustrated in Figure II.1, will be discussed briefly in this section. 

1. Nucleation  

Nucleation or small cluster formation is the primary process in the deposition. In this 

stage, the impinging atoms may or may not uniformly cover the substrate surface in the first 

spurt of deposition. The atoms occupy only a fraction or specific part of the substrate surface 

and it deposit preferentially on certain sites leading to assemblages of atoms known as nuclei 

or clusters, as Figure II.1 a shows[4]. 

2. Island Structure  

The schematic representation the island structure is illustrated in Figure II.1 b. The 

islands consist of comparatively larger nuclei generally of three dimensional nature, however, 

their height is much less than their lateral dimensions [4]. 
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Figure II.1:

 

3. Coalescence  

As islands grow, they develop some characteristic shapes

each island coalesce with the neighboring ones

and d) [4]. This process can take place amongst islands which are appropriately positioned 

and the coalesced islands generally become trian

rapid decrease of the uncovered substrate surface area followed by a slow rise of it.

4. Channel and Holes 

As the coalescence c

with channels in between (

secondary nuclei start to grow within 

will increase in size along with the film thickness to 

main islands by bridging the gaps. Sometimes

channels may not be completely filled up

structure (Figure II.1 f). With

5. Continuous Film  

When these gaps are completely bridged by the secondary nuclei, films will be 
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Figure II.1:  Schematic diagram showing stages of thin film growth

they develop some characteristic shapes. Then

coalesce with the neighboring ones. Small islands disappear rapidly (

This process can take place amongst islands which are appropriately positioned 

and the coalesced islands generally become triangular or hexagonal shaped as a result of the 

rapid decrease of the uncovered substrate surface area followed by a slow rise of it.

and Holes  

As the coalescence continues with deposition, it will be result a

with channels in between (Figure II.1 e). These channels do not remain void, but the 

secondary nuclei start to grow within these void spaces. With further deposition, these nuclei 

will increase in size along with the film thickness to formation of new islands and 

main islands by bridging the gaps. Sometimes, even with increasing film thickness,

channels may not be completely filled up. Thus, leaving some holes or gaps in the 

). With further growth, these holes or gaps will decrease in size

 

When these gaps are completely bridged by the secondary nuclei, films will be 
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Schematic diagram showing stages of thin film growth [4] . 

hen, with further growth, 

mall islands disappear rapidly (Figure II.1 c 

This process can take place amongst islands which are appropriately positioned 

gular or hexagonal shaped as a result of the 

rapid decrease of the uncovered substrate surface area followed by a slow rise of it. 

be result a network of the film 

). These channels do not remain void, but the 

. With further deposition, these nuclei 

formation of new islands and to join the 

even with increasing film thickness, these 

leaving some holes or gaps in the film 

s or gaps will decrease in size [4]. 

When these gaps are completely bridged by the secondary nuclei, films will be 
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continuous. However, it often happens that some void space may still remain unbridged 

(Figure II.1 g) [4]. 

 

II.3 Preparation Techniques for Thin Film Deposition 

Thin films are formed by deposition, either physical or chemical methods (see Figure 

II.2). The properties of thin films are extremely sensitive to the method of preparation. 

Physical method covers the deposition techniques which depend on the evaporation or 

ejection of the material from a source, whereas chemical methods depend on a specific 

chemical reaction [5]. 

 
Figure II.2:  Classification of Thin Film Deposition Techniques. 

 

II.3.1 Physical Vapor Deposition (PVD) 

 

PVD processes proceed along the following sequence of steps: 

a) The solid material to be deposited is physically converted to vapor phase;  

b) The vapor phase is transported across a region of reduced pressure from the source to 

the substrate;  

c) The vapor condenses on the substrate to form the thin film [6, 7]. 

 

II.3.1.1 Evaporation 

 

Evaporation techniques are widely used for the preparation of thin layers, hence, very 

large number of materials can be evaporated. In this technique, the source material must be 
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vaporized in the vacuum under high pressure. Vacuum allows vapor particles to travel directly 

to the target (substrate), where 

process a heat source, can be resistant or any other thermal source, used 

temperature sufficiently to produce the desire vapor and to 

evaporant and other by products in the vapor phase

technique is shown in Figure II.3

 

Figure II.

 

II.3.1.2 Pulsed Laser Deposition 

Figure II.
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vacuum under high pressure. Vacuum allows vapor particles to travel directly 

to the target (substrate), where they are condensed to forming thin film

can be resistant or any other thermal source, used 

temperature sufficiently to produce the desire vapor and to avoid chemical reaction between 

other by products in the vapor phase [8, 9]. The basic set

Figure II.3. 

Figure II. 3: Schematic diagram of the evaporation technique

Laser Deposition (PLD) 

Figure II. 4: Schematic diagram of the Laser ablation system
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vacuum under high pressure. Vacuum allows vapor particles to travel directly 

to forming thin film. For evaporation 

can be resistant or any other thermal source, used to reach high 

chemical reaction between 

. The basic set-up of evaporation 

  
evaporation technique. 

 

Laser ablation system. 
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Pulsed laser deposition (PLD) is a physical vapor deposition process, carried out in a 

vacuum system. In PLD, shown schematically in Figure II.4, a pulsed laser is focused onto a 

target of the material to be deposited. Pulsed laser can easily achieve the energy required for a 

material to transform into plasma. For sufficiently high laser energy density, each laser pulse 

vaporizes or ablates a small amount of the material creating a plasma plume. The ablated 

material is ejected from the target in a highly forward-directed plume. The ablation plume 

provides the material flux for film growth [10, 11]. 

 

II.3.1.3 Sputtering 

If a surface of target material is bombarded with energetic particles; it is possible to 

cause surface atom ejection, this process is known as sputtering. The ejected atoms can be 

condensed on the substrate to form thin film. Typically, the substrate is placed in a vacuum 

chamber opposite the target (made of the coating material being sputtered). The chamber is 

evacuated and backfilled with a process gas (Argon), the gas is ionized with a positive charge 

which creates plasma. As the relatively large argon ions impact the target, atoms/molecules of 

target material are physically removed from it. This process is similar to the interaction of 

billiard balls in a confined space. Majority of sputtered atoms/molecules land on the substrate 

due to its close proximity [12]. Figure II.5 shows a schematic diagram of the sputtering 

method. 

 

 

Figure II.5:  Schematic diagram of the sputtering method. 
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II.3.2 Chemical and Electrochemical Techniques

II.3.2.1 Chemical Vapor Deposition 

 

Chemical vapor deposition (CVD) is a materials 

constituents of the vapor phase react chemically near or on a substrate surface to form a solid 

product. The main feature of CVD is its versatility for synthesizing both simple and complex 

compounds with relative ease at generally

be vaporized without decomposition at suitable temperatures and transported with a carrier 

gas through heated tubes to the reaction chamber, which complicates processing, especially in 

the case of reduced pressure systems. Materials deposited at low temperatures (

600°C for silicon) are generally amorphous. Higher temperatures lead to polycrystalline 

phases. CVD has become an important process technology in several industrial fields 

Figure II.6 shows the deferent steps of CVD technique.

Figure II.6:

 

II.3.2.2 Chemical Bath Deposition

 

Chemical bath deposition (CBD), also known as chemical solution deposition, has been 

known for more than a hundred years. This process can be easily implemented by immersing 

a substrate into a beaker, filled with an aqueous solution of chemical precursors,

of a hot plate (Figure II.7). 
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Electrochemical Techniques 

Vapor Deposition (CVD) 

Chemical vapor deposition (CVD) is a materials synthesis process whereby 

constituents of the vapor phase react chemically near or on a substrate surface to form a solid 

product. The main feature of CVD is its versatility for synthesizing both simple and complex 

compounds with relative ease at generally low temperatures. Liquid and solid reactants must 

be vaporized without decomposition at suitable temperatures and transported with a carrier 

gas through heated tubes to the reaction chamber, which complicates processing, especially in 

pressure systems. Materials deposited at low temperatures (

600°C for silicon) are generally amorphous. Higher temperatures lead to polycrystalline 

phases. CVD has become an important process technology in several industrial fields 

shows the deferent steps of CVD technique. 

Figure II.6:  Deferent steps of chemical vapor deposition (CVD) technique.

Bath Deposition (CBD) 

Chemical bath deposition (CBD), also known as chemical solution deposition, has been 

known for more than a hundred years. This process can be easily implemented by immersing 

a substrate into a beaker, filled with an aqueous solution of chemical precursors,

 The constituent ions are dissolved in a water solution, and the thin 
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synthesis process whereby 

constituents of the vapor phase react chemically near or on a substrate surface to form a solid 

product. The main feature of CVD is its versatility for synthesizing both simple and complex 

low temperatures. Liquid and solid reactants must 

be vaporized without decomposition at suitable temperatures and transported with a carrier 

gas through heated tubes to the reaction chamber, which complicates processing, especially in 

pressure systems. Materials deposited at low temperatures (e.g. below 

600°C for silicon) are generally amorphous. Higher temperatures lead to polycrystalline 

phases. CVD has become an important process technology in several industrial fields [12]. 

 

Deferent steps of chemical vapor deposition (CVD) technique. 

Chemical bath deposition (CBD), also known as chemical solution deposition, has been 

known for more than a hundred years. This process can be easily implemented by immersing 

a substrate into a beaker, filled with an aqueous solution of chemical precursors, sitting on top 

The constituent ions are dissolved in a water solution, and the thin 
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films are produced through a heterogeneous surface reaction. In this technique, thin films can 

be deposited on different substrates like glass, ceramic, metallic…etc [13, 14]. 

 

 
Figure II.7:  Schematics of chemical bath deposition (CBD) method. 

 

II.3.2.3 Sol-Gel Deposition 

 

In Sol-Gel method the chemical precursors synthesized as a stable suspension (Sol). 

These "Sol" was transformed to a "Gel" during the gelling step result of chemical interactions 

between species in suspension and solvent, to give an expanded three-dimensional solid 

network through the liquid medium. The obtained gel is "wet" subsequently, it was 

transformed into dry amorphous material by removal of solvents (to obtain an air-gel) or by 

evaporation under atmospheric pressure (to obtain xerogel) [15]. Gel deposition at substrate 

can be performed from two different processes: 

� Spinning (spin-coating, Figure II.8 a): in this process gel pouring on a rotated substrate 

by a spin coater. Excess gel is ejected under the effect of centrifugal force, and the deposition 

thickness depends of substrate rotational velocity, and deposition time [16]. 

� Dipping (dip-coating, Figure II.8 b): this process is less used than spin-coating. The 

substrate is dipped in the solution then it is withdrawn, this allows adhering gel at the 

substrate surface. The substrate is dried after each dipping process. Steps listed above must be 

repeat numerous times to obtain the desired film thickness [17]. Finally, the deposit material 

is dried and annealed for crystallization. 
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Figure II.8:  Schematics of sol

 

II.3.2.4 Spray Pyrolysis 

 

In this technique, the 

substrate is thermally stimulated by

the hot substrate undergo pyrolytic decomposition and form a single crystal or cluster of 

crystallites of the product. The other volatil

vapor phase. The thermal energy for decomposition, subsequent recombination of the species, 

sintering and recrystallisation of the crystallites is proved by hot substrate. The films are 

general strong and adherent, mechanically hard, pinhole free and s

time, and the morphology of films is general rough

spray pyrolysis showing its various parts

 

Figure II.
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Schematics of sol-gel technique: (a) spin coating process; (b) dip coating process

the reaction between the clusters of the desired vapor atoms and 

is thermally stimulated by elevated temperature. The sprayed droplets on reaching 

the hot substrate undergo pyrolytic decomposition and form a single crystal or cluster of 

crystallites of the product. The other volatile by products and excess solvents escape in the 

The thermal energy for decomposition, subsequent recombination of the species, 

sintering and recrystallisation of the crystallites is proved by hot substrate. The films are 

erent, mechanically hard, pinhole free and stable with temperature and 

ology of films is general rough [12]. Figure II.9 presented a 

spray pyrolysis showing its various parts. 

Figure II. 9: Schematics of spray pyrolysis showing its various parts
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(b) dip coating process. 

the desired vapor atoms and 

elevated temperature. The sprayed droplets on reaching 

the hot substrate undergo pyrolytic decomposition and form a single crystal or cluster of 

products and excess solvents escape in the 

The thermal energy for decomposition, subsequent recombination of the species, 

sintering and recrystallisation of the crystallites is proved by hot substrate. The films are 

table with temperature and 

presented a schematics of 

 
spray pyrolysis showing its various parts. 
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II.4 Ultrasonic Spray Method 

Ultrasonic atomization technology’s unique advantage is based on two features: its 

ability to generate very small droplets of an extremely narrow range diameter size, and its 

ability to apply these droplets gently on the substrate with minimum “bounce back” from the 

target surface. These features enable superior transfer coefficients when compared with 

conventional coating technologies, providing high-quality functional coatings at significantly 

lower cost. Figure II.10 shows ultrasonic spray experimental set-up schematic. In Figure II.10, 

the main parts in the ultrasonic spray deposition system are: 

1. Ultrasonic Generator: it generates ultrasonic waves at frequency of about 40 KHz, 

this frequency value permits to transfer the solution into fine droplets at 40 µm of 

diameter. 

2. Solution Flow-meter: it is used to control solution amount that passes to the atomizer.  

3. Reaction Chamber: it is used to save the main set-up parts and to ejecting reactions 

gazes through an exhaust. 

4. Atomizer (nozzle): it mainly role is the transformation of solution to fine droplets 

using ultrasound waves. It is placed on a holder and directed to the substrate. The 

distance nozzle-substrate can be adapted using a distance controller. 

5. Substrate Holder: it is a ceramic plate, where the substrate is placed, surrounded by a 

cylinder to keep the solution droplets; it is heated using Joule effect to heating the 

substrate, the plate temperature is controlled by aiding a thermocouple.  

6. Temperature Controller:  it is used to control the plate temperature. 

 

Figure II.10:  Ultrasonic spray experimental set-up schematic. 
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II.4.1 General Principle of the Spray Process 

A solution of different reactive compounds is sprayed using an atomizer, on a heated 

substrate. The substrate temperature allows activation of the chemical reaction between the 

compounds [18]. The experiment can be carried out in air, [19] and may be prepared in a 

vessel (or in a reaction chamber) under vacuum, approximately 50 Torr [20]. The films 

formation by ultrasonic spray method can be summarized as follows: 

- Formation of the droplets at the atomizer outlet. 

- Decomposition of the of precursors solution on the substrate surface and then 

activation of chemical reaction between the compounds. 

In an ultrasonic spray method, drop size is governed by the frequency at which the 

nozzle vibrates, the surface tension and density of the liquid being atomized. Frequency is the 

predominant factor. Ultrasonic Coatings has a better control of process variables such as flow 

rate and droplet size means greater coating efficiency [21]. 

II.5 Characterization Methods 

II.5.1 X-Ray Diffraction 

X-ray diffraction (XRD) is one of the most important characterization tools for 

studying crystalline materials. XRD detects and analyses the diffracted X-rays from the 

crystallographic planes of the sample. This technique is mainly used for the chemical phase 

identification of both mono- and poly-crystalline unknown phases in a mixture. Moreover, 

XRD is used to determine structural properties like crystal structure, lattice parameters, 

interplaner spacing d and grain size. In this technique, the sample is bombarded with X-rays 

to produce a diffraction pattern which in turn are recorded and analyzed. Thus, the X-ray 

diffraction data obtained is compared with Joint Committee Power Diffraction Standards 

(JCPDS) data to identify the unknown material [22-24]. Figure II.11 shows the schematics of 

X-ray diffractometer. Interplaner spacing d can be calculated using Bragg’s law: 

θλ sin2 hkldn =                                                           (II.1) 

where, dhkl is the interplaner spacing, ϴ is diffraction angle (Bragg angle), λ is the X-ray 

wavelength and n is the diffraction order [22-24]. 
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Figure I

III.5.2 Scanning Electron Microscope SEM 

Scanning electron microscope 

of the solid sample [25]. When an electron strikes the atom, variety of in

evolved. Scattering of electron from the

backscattered electrons and 

sample if it is thin. Primary electrons with sufficient energy may knock out the electron from 

the inner shells of atom and the excited atom may relax with the liberation of Auger electrons 

or X-ray photons. All these interactions carry information about the sample. Auger electron, 

ejected electrons and X-rays are energies specific to the element from which they are coming. 

These characteristic signals give information about the sample chemical

composition [26, 27]. The diagram of scanning electron microscope is shown in 

Figure.II.12
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Figure I I.11: Schematics of X-ray diffractometer. 

Scanning Electron Microscope SEM  

Scanning electron microscope (SEM) is an instrument used to observe the morphology 

. When an electron strikes the atom, variety of in

Scattering of electron from the atom electrons results into production of 

backscattered electrons and secondary electrons. Electron may get transmitted through the 

sample if it is thin. Primary electrons with sufficient energy may knock out the electron from 

the inner shells of atom and the excited atom may relax with the liberation of Auger electrons 

ray photons. All these interactions carry information about the sample. Auger electron, 

rays are energies specific to the element from which they are coming. 

These characteristic signals give information about the sample chemical

The diagram of scanning electron microscope is shown in 

Figure.II.12: Diagram of scanning electron microscope. 
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is an instrument used to observe the morphology 

. When an electron strikes the atom, variety of interaction products are 

electrons results into production of 

secondary electrons. Electron may get transmitted through the 

sample if it is thin. Primary electrons with sufficient energy may knock out the electron from 

the inner shells of atom and the excited atom may relax with the liberation of Auger electrons 

ray photons. All these interactions carry information about the sample. Auger electron, 

rays are energies specific to the element from which they are coming. 

These characteristic signals give information about the sample chemical identification and 

The diagram of scanning electron microscope is shown in Figure.II.12.  
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II.5.3 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

FTIR stands for Fourier Transform Infra-Red, the preferred method of infrared 

spectroscopy. In infrared spectroscopy, IR radiation is passed through a sample. Some of the 

infrared radiation is absorbed by the sample and some of it is passed through (transmitted). 

The resulting spectrum represents the molecular absorption and transmission, creating a 

molecular fingerprint of the sample. FTIR is used to identify unknown materials, determine 

the quality or consistency of a sample and also determine the amount of components in a 

mixture [28]. In FTIR method, the measured signal is decoded via the well-known 

mathematical technique called Fourier transformation. This transformation is performed by 

the computer which, then, presents the user with the desired spectral information for analysis. 

Figure II.13 shows the schematics of FTIR spectrometer [28].  

 

 
Figure II.13:  A Simple FTIR Spectrometer Layout. 

 

II.5.4 Photoluminescence  

Photoluminescence spectroscopy (PL) is a contactless, nondestructive method. It is 

used primarily to investigate the electronic structure of materials. PL is the spontaneous 

emission of light from a material under optical excitation. In essence, laser light is directed 

onto a sample, where it is absorbed occurring the material photo-excitation (electron jumps to 
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a higher electronic state: from valence ba

will release energy (photon) as it relaxes and returns to back to a lower energy level. The 

emission of light through this process i

used in PL must be monochromatic and 

sample. PL investigations can be used to characterize a variety of material parameters such as 

band gap determination, crystal defects (such as atomic vacancies and substitutions),

levels, recombination mechanisms and material quality. A typical PL 

Figure II.14 (b) [29-31]. 

Figure II.14:  (a) Schematic band diagrams for the photoluminescence processes and (b) the experimental set

II.5.5 Hall Effect 

Hall effect is an important diagnostic tool for the characterization 

materials. It provides a direct determination of both the sign of the charge carriers (electron or 

holes) and their density in a given sample. The basic setup is shown i

effect occurs because a charged particle moving in a magnetic field is subject to the Lorentz 

force given by: 

where B is the magnetic field,

elementary charge and v is the particle velocity. The basic Hall measurement is performed on 
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from valence band to conductive band), then, 

(photon) as it relaxes and returns to back to a lower energy level. The 

emission of light through this process is photoluminescence (see Figure II.14

be monochromatic and have photon energy greater than gap energy of the 

mple. PL investigations can be used to characterize a variety of material parameters such as 

crystal defects (such as atomic vacancies and substitutions),

levels, recombination mechanisms and material quality. A typical PL 

(a) Schematic band diagrams for the photoluminescence processes and (b) the experimental set

for PL measurement. 

Hall effect is an important diagnostic tool for the characterization 

. It provides a direct determination of both the sign of the charge carriers (electron or 

holes) and their density in a given sample. The basic setup is shown i

effect occurs because a charged particle moving in a magnetic field is subject to the Lorentz 

BveF
rrr

×=         θsinevBF =                                              

is the magnetic field, θ is the angle between B-field and velocity vector 

is the particle velocity. The basic Hall measurement is performed on 
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then, the excited electron 

(photon) as it relaxes and returns to back to a lower energy level. The 

Figure II.14 (a)). The laser 

have photon energy greater than gap energy of the 

mple. PL investigations can be used to characterize a variety of material parameters such as 

crystal defects (such as atomic vacancies and substitutions), impurity 

levels, recombination mechanisms and material quality. A typical PL set-up is shown in 

 

(a) Schematic band diagrams for the photoluminescence processes and (b) the experimental set-up 

Hall effect is an important diagnostic tool for the characterization of semiconductors 

. It provides a direct determination of both the sign of the charge carriers (electron or 

holes) and their density in a given sample. The basic setup is shown in Figure II.15. Hall 

effect occurs because a charged particle moving in a magnetic field is subject to the Lorentz 

                            (II.2) 

field and velocity vector v, e is the 

is the particle velocity. The basic Hall measurement is performed on 
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a semiconductor bar with an electric field

applied perpendicular to it [

A useful measurement concept is Hall voltage (

Nt

B

e

I
V x

H

−=

where Ix is the current in the 

the carrier concentration per 

known (by measurement), it is possible to solve for the carrier concentration 

determine whether the sample is

 

II.5.6 Four Probes Method 

The most common way of measuring the resistivity of a semiconductor material is by using a 

four-point collinear probe. This technique involves bringing four equally spaced probes in 

contact with a material of unknown resistance. The probe array is placed i

material, as shown in Figure I

current I and the two inner probes (2 and 3) are used for measuring the resulting voltage drop 

V across the surface of the sample. Typical probes s
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a semiconductor bar with an electric field E applied along its long axis, an

[32, 33]. 

Figure II.15:  Hall voltage circuit. 

A useful measurement concept is Hall voltage (VH), which is defined as:

)(
Nt

Bz typen −     or   (
pt

B

e

I
V zx

H typep −+=

is the current in the x-direction, Bz is the magnetic field in the 

the carrier concentration per cm3 and t the sample thickness. Since V

known (by measurement), it is possible to solve for the carrier concentration 

determine whether the sample is n-type or p-type [32-33]. 

Four Probes Method  

The most common way of measuring the resistivity of a semiconductor material is by using a 

point collinear probe. This technique involves bringing four equally spaced probes in 

contact with a material of unknown resistance. The probe array is placed i

Figure II.16. The two outer probes (1 and 4) are used for sourcing 

and the two inner probes (2 and 3) are used for measuring the resulting voltage drop 

across the surface of the sample. Typical probes spacing "a" is ~1 mm 
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applied along its long axis, and magnetic field B 

 

), which is defined as: 

)type                  (III.3) 

is the magnetic field in the z-direction, N or p is 

VH, Bz, Ix and t are all 

known (by measurement), it is possible to solve for the carrier concentration N or p, and 

The most common way of measuring the resistivity of a semiconductor material is by using a 

point collinear probe. This technique involves bringing four equally spaced probes in 

contact with a material of unknown resistance. The probe array is placed in the center of the 

. The two outer probes (1 and 4) are used for sourcing 

and the two inner probes (2 and 3) are used for measuring the resulting voltage drop 

pacing "a" is ~1 mm [34, 35]. 
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Figure I I.

Resistivity value is related to the measurement ratio (

function of the current injected value

where, ρ is the film resistivity 

resistance named the sheet resistance 

Resistivity can be calculated

Where 4.53 is a correction factor. Sheet 

as follow: 

 

II.5.7 Optical Characterization by Ultraviolet and Visible 

UV-VIS spectroscopy exploited electromagnetic radiations from190 nm to 800 nm 

(ultraviolet region UV: 190

Deposition Processes & Characterization Techniques of TCOs 

51 

 

I.16: Four-Point Collinear Probe Resistivity Configuration.

Resistivity value is related to the measurement ratio (V/I ). The voltage drop 

function of the current injected value I by the relation: 

ρ
π t

I
V 







=
2

2ln
                                                         

is the film resistivity and t is the film thickness. The quantity (

the sheet resistance Rsh, its unit is Ω/☐ (ohms per square)

t
Rsh

ρ=                                      

Resistivity can be calculated as follow: 

t
I

V
t

I

V







=






= 53.4
2ln

2πρ                    

Where 4.53 is a correction factor. Sheet resistance value can be derived f

I

V
Rsh 53.4=                                                           

Optical Characterization by Ultraviolet and Visible (UV-VIS )

VIS spectroscopy exploited electromagnetic radiations from190 nm to 800 nm 

(ultraviolet region UV: 190-400 nm and visible region VIS: 400-800 nm) to give a 
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Point Collinear Probe Resistivity Configuration. 

). The voltage drop V is given as a 

                             (II.4) 

The quantity (ρ/t) has unit of 

(ohms per square) [34, 35]. 

                                                              (II.5) 

                                            (II.6) 

resistance value can be derived from the last relation 

                                                          (II.7) 

VIS ) Spectroscopy  

VIS spectroscopy exploited electromagnetic radiations from190 nm to 800 nm 

800 nm) to give a spectrum 
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represents the transmission, reflection or absorption of the film.

be obtained by using a double beam UV

Figure II.17

 

UV-VIS spectrometry provides information 

exploiting transmittance curve, it is possible to calculate the

gap and the refractive index.

obtained for SnO2 thin film deposited on glass substrate 

Figure II.18
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represents the transmission, reflection or absorption of the film. transmittance spectru

be obtained by using a double beam UV-VIS spectrophotometer as shown in 

Figure II.17: Schematic of UV-VIS spectrophotometer. 

VIS spectrometry provides information about the film optical properties. By 

exploiting transmittance curve, it is possible to calculate the film thickness

gap and the refractive index. Figure II.18 shows the general form of transmittance spectrum 

thin film deposited on glass substrate [36]: 

Figure II.18: Transmittance spectrum of SnO2 thin film. 
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transmittance spectrum can 

VIS spectrophotometer as shown in Figure II.17.  

 

the film optical properties. By 

thickness, the optical band 

transmittance spectrum 
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The absorption coefficient (

where; α is the absorption coefficient and 

This approximation relation is established by neglecting the reflection at all interfaces: 

air/film air/substrate and film/substrate

α>104cm-1 i.e. UV) provides key information about the film’s optical band gap. The energy 

gap Eg can be found from the well known relation Tauc

where; B is a constant, (hυ) is the photon energy and 

II.5.8 Thickness Determination

Swanepoel proposed a method based on the idea of 

analysis uses the interference fringes extremes of transmission spectrum to derive the 

refractive index and the thickness.

interference effects are destroyed

dotted curve T in Figure II.1
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he absorption coefficient (α) can be determined using Beer-Lambert law:

)exp( tT α−=                                                           

is the absorption coefficient and t is the film thickness. Eq. II.8









=−

(%)T
ln

t
)cm(α

10011                                               

relation is established by neglecting the reflection at all interfaces: 

air/film air/substrate and film/substrate [37]. α value near the absorption edge (at the interval 

UV) provides key information about the film’s optical band gap. The energy 

can be found from the well known relation Tauc's relation (see Figure II.19

( )gEhBh −= υυα 2)(                                                    

) is the photon energy and Eg is the band gap energy of the film

Figure II.19: Plot of (αhυ)2 vs. (hυ). 

 

Thickness Determination: Interference Method (Swanepoel Method)

Swanepoel proposed a method based on the idea of Manifacier et al.

analysis uses the interference fringes extremes of transmission spectrum to derive the 

refractive index and the thickness. If film thickness t is not uniform or is slightly tapered, all 

interference effects are destroyed and the transmission is a smooth curve as shown by the 

II.18. If the thickness t is uniform, interference effec
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Lambert law: 

                                                          (II.8) 

8 can be written as: 

                                              (II.9) 

relation is established by neglecting the reflection at all interfaces: 

value near the absorption edge (at the interval 

UV) provides key information about the film’s optical band gap. The energy 

Figure II.19) as follow: 

                                                     (II.10) 

energy of the film.  

 

Interference Method (Swanepoel Method) 

Manifacier et al. [38]. Swanepoel's 

analysis uses the interference fringes extremes of transmission spectrum to derive the 

is not uniform or is slightly tapered, all 

and the transmission is a smooth curve as shown by the 

is uniform, interference effects give rise to the 
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spectrum shown by the full curve in Figure II.18. Fringes in the curve can be used to calculate 

film refractive index n and film thickness t. Film refractive index in the transparent, weak and 

medium absorption regions can be expressed as [39, 40]: 

22
snNNn ++=                                                        (II.11) 

where ns is the substrate refractive index. In transparent region (α=0) N can be given by the 

next equation: 

2

12 2 ++= s

m

s n

T

n
N                                                         (II.12) 

Whereas, in the spectral region of weak and medium absorption (α≠0), N can be given by the 

following relation:  

2

1
2

2 ++






 −= s

mM

mM
s

n

TT

TT
nN                                                   (II.13) 

Where, TM and Tm are the transmission maximum and the corresponding minimum at a certain 

wavelength λ. If n1 and n2 are the refractive indices at two adjacent maxima (or minima) at 

λ1and λ2, the film thickness can be calculated by the following expression [40, 41]: 

( )1221

21

2 nn
t

λλ
λλ
−

=                                                      (II.14) 

Conclusion  

As discussed in the previous chapter, thin films can be deposited by using several 

techniques such as Evaporation, pulsed laser deposition, Sputtering, chemical vapor 

deposition , sol-gel and spray pyrolysis. Among these techniques, ultrasonic spray method 

may be the most convenient technique because of its simplicity, low cost, easy to add doping 

materials and promising for high rate and mass production capability of uniform large area 

coatings in industrial applications. Also, Characterization is an important step in the 

development of new materials. The complete characterization of TCOs material consists of 

structural and surface characterization, optical characterization and electrical characterization 

which have strong bearing on the properties of materials. 
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In this chapter, the experimental steps, used to deposit our films, will be described. 

Then, the experimental results, obtained by the analysis of the elaborated SnO2: F thin films, 

will be introduced. In this work, a focus is on the structural, optical and opto-electrical 

properties of undoped and fluorine doped SnO2 thin films prepared by ultrasonic spray 

method. The effect of fluorine doping and film thickness on the previous properties of FTO 

films will be investigated in order to determine the suitable properties that make our films 

applicable as possible. The obtained results will be compared with the specified results 

presented by several researchers. 

 

III.1 Deposition of Undoped and Fluorine Doped SnO2 Thin Films by Ultrasonic Spray 

III.1.1 Ultrasonic Spray Deposition System 

 

Figure III.1 shows the ultrasonic spray deposition system of VTRS (Laboratoire de 

Valorisation et Téchnologie des Resources Sahariennes) laboratory in University of Eloued. 

All the studied SnO2 samples in this work were prepared using the mentioned system. 

 

Figure III.1:  Photo of ultrasonic spray deposition system of VTRS laboratory. 



 
 
Chapter III                         Elaboration of SnO2 Thin Films by Ultrasonic Spray & Obtained Results 
  

60 

 

III.1.2 Substrate 

Microscopic glass slides (Ref 217102) from CITOTEST were used as substrates. The 

glass slides, shown in Figure III.2, have dimensions of 75×25×1.1 mm3 (for more information 

about the used glass see Appendix A). 

Thin films quality depends on large number of parameters. One important parameter is 

the substrate surface state, hence, glass slides must be well cleaned and all contamination 

kinds such as grease and dust must be pulled out from their surfaces. The substrates were 

cleaned with alcohol and distilled water then blow-dried with nitrogen gas. 

 

 

Figure III.2:  Microscopic glass slide used as substrates. 

III.1.3 Tin and Fluorine Sources 

Stannous chloride (SnCl2, 2H2O) was used as a precursor for tin. Also, it is known as 

Tin (II) chloride that forms a stable dihydrate. It is a white crystalline solid or powder as 

shown in Figure III.3 (a). 

Ammonium fluoride was used as a precursor for fluorine. Ammonium fluoride is 

inorganic compound with the formula NH4F. It adopts the wurtzite crystal structure, in which 

both the ammonium cations and the fluoride anions are stacked in layers, each being 

tetrahedrally surrounded by four of the other. It crystallizes as small colorless prisms as 

Figure III.3 (b) shows, having a sharp saline taste, and is exceedingly soluble in water.  
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Figure III.3:  (a):Photo of the used stannous chloride (SnCl2, 2H2O). (b):Photo of the used ammonium fluoride. 

 

III.1.4 Solutions Preparation 

SnO2 thin films were prepared from a solution of tin dichloride (SnCl2, 2H2O). The 

precursor was dissolved in double distilled water and methanol in volume ratio 1:1. Mass of 

1.1282 g tin dichloride was dissolved in 50ml of solvent to obtain a starting solution with 

molar concentration of about 0.1 M. In the basic solution, it is necessary to eliminate the 

problems of solubility and phase segregation, where the different components precipitate at 

different times. To overcome this and to obtain homogeneous solutions, we recommend to 

add, during preparation, a small amount of acid and in our work a few drops of hydrochloric 

acid (HCl) is used. The mixture solution was stirred at room temperature for half an hour to 

yield a clear and transparency solution. 

Fluorine doping was achieved by adding, appropriate amount of ammonium fluoride 

(NH4F) dissolved in doubly distilled water, to the starting solution. The obtained blend was 

used as a stock solution for spray ultrasonic. The added fluorine amounts were evaluated by 

weight percent (wt. %) unite. The F concentration in the solution was varied from 0 to 12 

wt.% of course by adding appropriate amount of (NH4F). Table III.1 summarizes the 

parameters used in films preparation. The basic chemical laws used to calculate the chemical 

magnitude with detailed calculation steps are illustrated in Appendix B. 

Table III.1:  The parameters used in films preparation. 

Mass of tin 
dichloride  

Solvent 
volume 

Solution 
molarity   

Fluorine 
concentration 

Substrates 
temperature 

Deposition 
time  

Nozzle-substrate 
Distance 

1.1282 g 50 ml 0.1 M 0-12 wt.% 480 °C 1-5 min 5 cm 
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Substrates temperature was fixed at 480 °C. The starting solution and blend solution 

were sprayed separately on heated glass substrates by spray ultrasonic system to obtain 

undoped SnO2 and F doped SnO2 thin films.  

Chemical reactions, taking place in spray process, are as follow:  

In the solution: 

OHCHHClSnOOHCHOHSnCl −++→−++ ↑
3322 2  

Reaction of undoped SnO2 deposition (on the heated substrate):  

↑−+ → °+−+ OHCHSnO
C

OOHCHSnO 3223

480
2

1
 

whereas the reaction occurs between fluorine F and SnO2 is: 

[ ] ↑−−
−

−+ +→+ 2
2

2
14

2 2

1
xOxeOFSnxFSnO BCxx  

Note that the decomposition reaction, in the gas phase, occurring on the substrate 

surface is an endothermic reaction which require relatively high temperatures to achieve the 

decomposition of solutions used (droplets) arriving on heated substrates. 

 

III.1.5 Thin Films Deposition Steps 

After substrate cleaning and solution preparation the films deposition steps are taking place as 

follow: 

1-The substrate is placed on the Substrate holder then the heater is being worked until arriving 

to the desired temperature 480 °C. 

2-When spray process starts; the prepared solution is sprayed ultrasonically on heated 

substrate (at temperature 480 °C). Temperature allows the activation of the chemical reaction, 

and certain by products (volatile components) will be immediately disposed off. 

3-The deposition time is varied from 1 min to 5 min to obtain different film thicknesses. 
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4- At the end of spraying step, the substrate is let on the holder to cool down progressively 

until ambient temperature.  

5- Progressive heating or cooling is used to avoid thermal shocks that create glass breaking. It 

also ameliorates films homogeneity. 

6- Finally, we obtain glass samples coated by SnO2 and F doped SnO2 thin films as Figure 

III.4 shows:  

 

Figure III.4:  Glass coated by F doped SnO2 thin film. 

 

7- To study the effect of fluorine doping: all used films were taken at the same deposition 

time (3 min deposition). 

8- Note that all measurements were carried out at room temperature (rt). 

 

III.2 Structural Analysis 

Structural characterizations are carried out using X-ray diffraction (XRD) with an X-

ray diffractometer (BRUKER-AXS type D8) under Cu Ka (λ=1.5405 Å) radiation.  

III.2.1 Crystalline Structure 

The X-ray diffraction pattern of F (0–12 wt.%) doped SnO2 thin films prepared by 

ultrasonic spray are shown in Figure III.5. as it can be seen the diffraction peaks were 

observed at 2θ=26.68°, 33.97°, 37.8°, 51.79°, 61.72° and 65.95° which are related to the 

following plans: (110), (101), (200), (211), (310) and (301) respectively. 
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Figure III

For all deposited films, major peaks corresponding to the tetragonal SnO

41-1445) were observed. It can be seen that all the films are polycrystalline and having SnO

tetragonal rutile structure (P4

observed. The peaks of the undoped SnO

with (211) as very prominent plane whereas four close lying reflections (110), (101), (200), 

and (301) were also evidently indicating the polycrystalline nature of the same film; the 

polycrystallinity may be due to the use of water with the solvent

significant (200) diffraction peak, with height intensity, was observed for the 3% and 6 

doped SnO2 film which indicating preferential orientation along the (20

heavily Fluorine doped SnO

difference between them whereas all the diffraction peaks mentioned above reappear again.

 

III.2.2 Texture Coefficient 

The texture coefficient 

of which from unity implies the preferred growth. The different texture coefficient 

have been calculated from the X
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III .5: XDR patterns of F (0–12 wt.%) doped SnO2 thin films.

For all deposited films, major peaks corresponding to the tetragonal SnO

1445) were observed. It can be seen that all the films are polycrystalline and having SnO

tetragonal rutile structure (P42/mnm (136)), and no phase corresponded to fluorine was 

observed. The peaks of the undoped SnO2 were indexed to the tetragonal SnO

with (211) as very prominent plane whereas four close lying reflections (110), (101), (200), 

and (301) were also evidently indicating the polycrystalline nature of the same film; the 

y be due to the use of water with the solvent 

significant (200) diffraction peak, with height intensity, was observed for the 3% and 6 

film which indicating preferential orientation along the (20

heavily Fluorine doped SnO2 thin films (9 and 12 wt.%) one cannot make a significant 

difference between them whereas all the diffraction peaks mentioned above reappear again.

III.2.2 Texture Coefficient TC(hkl)  

The texture coefficient TC(hkl) represents the texture of the particular plane, deviation 

of which from unity implies the preferred growth. The different texture coefficient 

have been calculated from the X-ray data using the well-known formula

∑
−

= N

n
hklIhklIN

hklIhklI
hklTC

)(/)(

)(/)(
)(

0
1

0                                           

y Ultrasonic Spray & Obtained Results 
 

 

thin films. 

For all deposited films, major peaks corresponding to the tetragonal SnO2 (JCPDS No. 

1445) were observed. It can be seen that all the films are polycrystalline and having SnO2 

/mnm (136)), and no phase corresponded to fluorine was 

ragonal SnO2 structure [1, 2] 

with (211) as very prominent plane whereas four close lying reflections (110), (101), (200), 

and (301) were also evidently indicating the polycrystalline nature of the same film; the 

 [3]. Moreover, single 

significant (200) diffraction peak, with height intensity, was observed for the 3% and 6 wt.% 

film which indicating preferential orientation along the (200) plane. For the 

%) one cannot make a significant 

difference between them whereas all the diffraction peaks mentioned above reappear again. 

represents the texture of the particular plane, deviation 

of which from unity implies the preferred growth. The different texture coefficient TC(hkl) 

known formula [4]: 

                             (III. 1) 
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where I(hkl) is the measured relative intensity of a plane (hkl), I0(hkl) is the standard intensity 

of the plane (hkl) taken from the JCPDS data, N is the reflection number and n is the number 

of diffraction peaks. TC(hkl) values of all the films for (110), (200) and (211) with increase in 

F concentration are recapitulated in Table III.2. The peaks were less than unity confirming the 

poly-crystalline nature of the films. However, the 3 and 6 wt.% F doped SnO2 films presented 

a possible oriented growth along the (200) plane direction.  

III.2.3 Lattice Constants 

 The lattice constants ‘a’ and ‘c’, for the tetragonal phase structure is determined from 

XRD results using the following equation [5]: 

2

2

2

22

2

1

c

l

a

kh

d hkl

++=                                                   (III. 2) 

where dhkl is the inter-planar distance, (hkl) are the Miller indexes and ‘a’ and ‘c’ are the 

lattice constants. The calculated and standard lattice constants are illustrated in Table 

III.2.The lattice parameters of undoped SnO2 thin film are, a=b=4.720 Å and c=3.242 Å 

whereas the standard ones are a=b=4.737 Å and c=3.185 Å according to JCPDS data. 

Changes in a and c values may be attributed to F- (ionic radius=1.17 Å) substitution of O2- 

(ionic radius=1.22 Å) [6], see section I.13 in chapter I. 

III.2.4 Crystallite Sizes D 

The average crystallite sizes, given in the Table III.2, were calculated from highly 

textured peaks by using Scherrer’s formula [7]: 

θβ
λ

cos
9.0=D                                                    (III. 3) 

where D is the crystallite size, β is the full width at half-maximum (FWHM) of the most 

intense diffraction peak, λ is the X-ray wavelength (1.54056 Å) and θ is the Bragg angle. 

Scherrer’s equation applied to the most intense (211) and (200) diffraction lines for the 

undoped and F-doped films respectively. The variations of crystallite size with F 

concentration are shown in Figure III.6. For undoped film the crystallite size was about 24.74 

nm whereas it was found to decrease only for 3 wt.% F doped SnO2 and increased with 

increasing in F concentration as Table III.2 shows. 
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Table III.2:  Crystallite size, lattice parameters, TC (hkl) and dislocation density of SnO2 and SnO2: F films. 

Material Crystallite 

size D (nm) 

Lattice constants (Å) TC(hkl) of plane δδδδ××××1015 

(lines/m2)     a       ∆a= a-a0       c          ∆c=c-c0   (110)       (200)        (211) 

Undoped SnO2 film 24.740 4.720 -0.016 3.242 0.057 0.737 0.573 1.885 1.63 

SnO2: F 3 wt. % 11.579 4.766 0.029 3.143 -0.041 0.488 2.707 0.338 7.46 

SnO2: F 6 wt. % 26.467 4.724 -0.012 3.257 0.072 0.956 2.469 0.339 1.41 

SnO2: F 9 wt. % 27.644 4.727 -0.009 3.248 0.063 1.397 1.250 1.004 1.31 

SnO2: F 12 wt. % 28.165 4.722 -0.014 3.253 0.068 1.568 1.508 0.680 1.26 

 

III.2.5 Dislocation Density δδδδ 

The growth mechanism involving dislocation is a matter of importance. Dislocations 

are imperfect in a crystal associated with the mis-registry of the lattice in one part of the 

crystal with respect to the other parts. Dislocations are not likely to play a major role in the 

variation of electrical resistance because an increase in dislocation density values gives rise to 

disorders, crystal defects in lattice and a decreasing crystallinity. The dislocation density (δ) is 

defined as the length of dislocation lines per unit area  as defined in literature [8-11], which 

can be estimated from the following relation using the simple approach of Williamson and 

Smallman [8]: 

2

1

D
=δ                                                          (III. 4) 

where D is the crystallite size, the dislocation values were found to be in the range 1.26-

7.46×1015 lines/m2 for undoped and F-doped films as reported in Table III.2. 

Figure III.6 shows the variation of the dislocation density δ as a function of F 

concentration. For undoped film δ was about 1.63×1015 lines/m2. It is clear that δ increases 

only for 3 wt.% F doped SnO2 and decreased with increasing in F concentration, this behavior 

can be explained by the change of the particle’s size D with F concentration. Indeed, the 

smaller crystallites allow deposition in relatively large numbers and possibly the appearance 

of linear defect (dislocation) and their development throughout the growing structure. 
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Figure III. 6: Variations of 

 

III.2.6 Thickness Effect on Structural Properties 

The X-ray diffraction patterns of the SnO

different deposition time (i.e.

Figure III.7:  XRD patterns of F

The XRD results of our SnO

films with thickness, less than (1
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Variations of crystallite size and dislocation density of FTO thin films as a function of 

concentration. 

Thickness Effect on Structural Properties  

ray diffraction patterns of the SnO2 films deposited by ultrasonic spry at 

i.e. different film thicknesses) as shown in Figure III

XRD patterns of F-doped SnO2 films as function of film thickness.

XRD results of our SnO2: F 6 wt. % thin films exhibited five peaks. 

films with thickness, less than (1 µm) the prominent (200) planes were observed. Other peaks 
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size and dislocation density of FTO thin films as a function of F 

films deposited by ultrasonic spry at 

Figure III.7. 

 

films as function of film thickness. 

thin films exhibited five peaks. For the F-doped 

µm) the prominent (200) planes were observed. Other peaks 
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observed, with weak intensities, are (110), (211), (301) and (310). Further, it was observed 

that (110), (200), (211) and (301) planes are prominent for the film with 1µm thickness. In 

order to evaluate the preferred orientation of the SnO2 films, we use the texture coefficient. 

TC(hkl) calculated values of the films for (110), (200) and (211) peaks are listed in Table 

III.3. The latter were less than unity confirming the polycrystalline nature of the films. It was 

observed that the film with thickness of about 1 µm has good growth along (101), (211) and 

(301) planes; this effect may be attributed to the increase in amount of tin sprayed on glass 

substrate due to increase in deposition time [12]. 

• Thickness Effect on Lattice Constants 

The lattice constants ‘a’ and ‘c’, for the tetragonal phase structure are determined and 

illustrated in Table III.3. The calculated ‘a’ values are slightly less than that given by JCPDS 

card; whereas, all values of the lattice constants ‘c’ are marginally larger than that of JCPDS 

card. 

• Thickness Effect on Crystallite Sizes 

The crystallite sizes of SnO2: F thin films for different thickness, given in the Table 

III.3. D sizes distributions are between 21.49-26.88 nm; as can be seen in Figure III.8 grain 

size plot for F doped films reveals a decrease with thickness increasing which may be 

attributed to film thickness effects [12]. 

Table III.3:  Crystallite size, lattice parameters, texture coefficients and dislocation density of SnO2: F 6 wt. %  

for different film thickness. 

 

• Thickness Effect on Dislocation Density 

Dislocation density for F-doped films at different thickness was calculated. The values 

were found to be in the range 1.38-2.16×1015 lines/m2 as reported in Table III.3. As can be 

Material 
Thickness 

 t (nm) 

Crystallite 

size D (nm) 

Lattice constants (A°) TC(hkl) of plane δδδδ××××1015 

(lines/m2)      a       ∆a= a-a0       c      ∆c=c-c0 (110)      (200)       (211) 

SnO2: F 

 (6 wt.%) 

440 26.883 4.724 -0.013 3.236 0.051 0.295 2.384 0.266 1.38 

550 26.467 4.724 -0.013 3.260 0.075 0.233 3.262 0.145 1.43 

700 24.949 4.735 -0.002 3.228 0.043 0.245 2.550 0.313 1.61 

1000 21.492 4.733 -0.004 3.234 0.049 0.252 1.957 0.758 2.16 
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seen, dislocation density increases with thickness increasing. It was observed that the films 

with 440 nm and 550 nm thickness have the less 

the best not only in structural properties but in electrical properties

values of dislocation density are comparable with values reported in literature 

authors work deals with SnO

less than those obtained by 

by spray technique. The variations of dislocation density 

shown in Figure III.8. 

Figure III.8:  Crystallite size and dislocation density variations as function of film thickness for FTO

 

III.3 Morphological Characterization

Morphology of the films deposited for various fluorine doping concentration (3, 6 and 

12 wt. %) was analyzed by SEM (Jeol model JSM 6390 lv). SEM images of the films surface 

are given in Figure III.9 which shows uniform morphology with uniform grain sizes. Also it 

was seen, that the substrate is

is worth noting that sample doped at 12 

the others. 
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seen, dislocation density increases with thickness increasing. It was observed that the films 

nm thickness have the less dislocation density which makes those films 

the best not only in structural properties but in electrical properties as well. The obtained 

dislocation density are comparable with values reported in literature 

SnO2: F deposited on glass substrates by electro

less than those obtained by M. Ajili et al. [14] for SnO2: F films deposited on glass substrates 

The variations of dislocation density δ as a function of film thickness are 

size and dislocation density variations as function of film thickness for FTO

Morphological Characterization 

Morphology of the films deposited for various fluorine doping concentration (3, 6 and 

%) was analyzed by SEM (Jeol model JSM 6390 lv). SEM images of the films surface 

which shows uniform morphology with uniform grain sizes. Also it 

the substrate is well covered with fine grains and homogeneous distribution. It 

is worth noting that sample doped at 12 wt. % present more agglomerations on surface than 

y Ultrasonic Spray & Obtained Results 
 

seen, dislocation density increases with thickness increasing. It was observed that the films 

density which makes those films 

as well. The obtained 

dislocation density are comparable with values reported in literature [13] where the 

: F deposited on glass substrates by electro-deposition and are 

: F films deposited on glass substrates 

 as a function of film thickness are 

 

size and dislocation density variations as function of film thickness for FTO films. 

Morphology of the films deposited for various fluorine doping concentration (3, 6 and 

%) was analyzed by SEM (Jeol model JSM 6390 lv). SEM images of the films surface 

which shows uniform morphology with uniform grain sizes. Also it 

well covered with fine grains and homogeneous distribution. It 

% present more agglomerations on surface than 
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Figure III.9:  SEM images of SnO

 

III.4 Optical Analysis 

Optical transmission spectra were obtained using an UV

(Shimadzu, Model 1800) in spectral region 200

III.4 .1 Optical Transmission

The optical transmission 

films prepared by ultrasonic spray are depicted in 

undoped and doped F (0–12 

Figure III.10:  Optic
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SEM images of SnO2: F (3-12 wt. %): (a) 3 wt. %, (b) 6 wt. % and (c) 12 wt.

Optical transmission spectra were obtained using an UV-visible spectrophotometer 

800) in spectral region 200–900nm. 

.1 Optical Transmission 

The optical transmission T(λ) measurements as a function of the wavelength of SnO

films prepared by ultrasonic spray are depicted in Figure III. 10 where we have gathered the 

12 wt.%) SnO2 spectra. 

Optical transmittance plot of F (0–12 wt.%) doped SnO

y Ultrasonic Spray & Obtained Results 
 

 

12 wt. %): (a) 3 wt. %, (b) 6 wt. % and (c) 12 wt. %. 

visible spectrophotometer 

measurements as a function of the wavelength of SnO2 

where we have gathered the 

 

doped SnO2 thin films. 
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As it can be seen, a height transparent spectra T(λ) of undoped SnO2 in visible region, 

the average transmission is more than 74 % and the film exhibit significant oscillations in 

long wavelength; this oscillation may be due to the smooth of the top surface of undoped 

SnO2 film which can generate interference phenomenon; even at nuked eye, one can see that 

the undoped SnO2 lattice is very smooth. Then the transmission decreased because of the 

onset fundamental absorption in the region round 340nm. For the doped SnO2 films, the value 

of transmission T(λ), in the visible region, is located in the average 73.5–87.5 % revealing 

good agreement with transmittance value of fluorine doped tin oxide films mentioned in the 

literature [12, 15]. Transmission values exhibit slight increase upon the increasing the F 

doping amount as it shown in Figure III.10. The region of the absorption edge in the all layers 

due to the transition between the valence band and the conduction band is located between 

300–340nm until 6 wt.%; in this region, the transmission decreased because of the onset 

fundamental absorption. One can note that the doping effect is clearly observed in the layer 

quality such as in the average between 300–340 nm; blue shift of the absorption edge was 

observed as function of doping level until 6 wt.% reveling Burstein–Moss effect [16, 17], then 

sleight return to the initial values of the absorption edge revealing the Roth effect [18] which 

indicates that the increasing of doping amount can change the lattice structure. 

 

III.4.2 Thickness Determination 

 

From the oscillation of the spectra, the thickness of the films (t) was determined by 

using the following equation [19]: 

( )1221

21

2 λλ
λλ

nn
t

−
=                                                     (III. 5) 

where n1 and n2 are the refractive indexes at the two adjacent maxima (or minima) at λ1 and 

λ2. The thickness of films was over than 550 nm in average as shown in Table III.4. It was 

observed that the thickness of the film does not present any trend with F concentration. 
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Table III.4:  Films thickness, transmittance

Material 

Undoped SnO2 film 

SnO2: F 3 wt. % 

SnO2: F 6 wt. % 

SnO2: F 9 wt. % 

SnO2: F 12 wt. % 

 

III.4.3 Optical Band Gap 

The band gap (Eg) of pure SnO

(3.87–4.3 eV) [20, 21]. The direct band gap of F doped SnO

relation ((αhυ)2vs.hυ) plot by extrapolating the linear region to 

III.11. It was found that the band gap increased with increase in level doping of F in SnO

The increase in band-gap may be attributed to the partial filling of the conduction band of tin 

oxide, resulting in a blocking of lowest states. This widening of the optical band

as Burstein–Moss shift [16,

(from 6 wt.% F onward) the band

it was mentioned in Table III.

Figure III.11:  Band-gap estimation from Tauc relation of F (0
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thickness, transmittance and optical gap values for SnO2 and SnO

Thickness t (nm) Tmoy (%) Eg (eV) 

806 74.160 3.622 

935 79.951 3.846 

550 82.289 3.860 

877 73.540 3.785 

975 87.572 3.656 

 

) of pure SnO2 is widely reported to be of direct

The direct band gap of F doped SnO2 films was determined from Tauc 

) plot by extrapolating the linear region to α=0 [22]

found that the band gap increased with increase in level doping of F in SnO

gap may be attributed to the partial filling of the conduction band of tin 

oxide, resulting in a blocking of lowest states. This widening of the optical band

[16, 17]. With further increase in the F concentration in the SnO

% F onward) the band-gap of films begins to decrease revealing Roth effect 

able III.4. 

gap estimation from Tauc relation of F (0–12 wt.%) doped SnO

y Ultrasonic Spray & Obtained Results 
 

and SnO2: F thin films. 

∆Eg (eV) 

0 

0.224 

0.238 

0.163 

0.034 

is widely reported to be of direct transition in nature 

films was determined from Tauc 

[22] as seen in Figure 

found that the band gap increased with increase in level doping of F in SnO2. 

gap may be attributed to the partial filling of the conduction band of tin 

oxide, resulting in a blocking of lowest states. This widening of the optical band gap is termed 

With further increase in the F concentration in the SnO2 film 

gap of films begins to decrease revealing Roth effect [18] as 

 

12 wt.%) doped SnO2 films. 
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III.4.4 Thickness Effect on Optical

 

Figure III.12 shows UV

various film thicknesses. The transmittance of all samples was more than 74% in the 

visible-light region (400-800

decrease with increasing film thickness; this effect is well e

law [23]. 

Figure III.12:  Transmittance spectra of SnO

Table III.5 gathered transmittance values of fluorine doped SnO

thickness (t). The thickness of the fi

as listed in Table III.5. It is clear that the film thickness increases with increasing 

time [6]. 

Table III.5:  Deposition times,

Material 

SnO2: F (6 wt. %)
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Thickness Effect on Optical Properties  

shows UV–Vis transmittance spectra of SnO2: F 6 

various film thicknesses. The transmittance of all samples was more than 74% in the 

800 nm). Transmittance values, of SnO2: F 6 

decrease with increasing film thickness; this effect is well expected from the Beer

Transmittance spectra of SnO2: F at 6 wt. % thin films for different film thicknesses.

gathered transmittance values of fluorine doped SnO

thickness of the films was found to be between 440 nm and 1000

. It is clear that the film thickness increases with increasing 

 

Deposition times, film thicknesses, transmittance and Eg values for SnO

Deposition time 

(min) 

Thickness 

t (nm) 

Transmittance

T (%) 

%) 

2 440 84.611 

3 550 82.289 

4 700 73.552 

5 1000 70.319 
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: F 6 wt.% thin films with 

various film thicknesses. The transmittance of all samples was more than 74% in the whole 

: F 6 wt.% thin films 

xpected from the Beer–Lambert 

 

: F at 6 wt. % thin films for different film thicknesses. 

gathered transmittance values of fluorine doped SnO2 thin films with film 

nm and 1000 nm (1 µm) 

. It is clear that the film thickness increases with increasing deposition 

SnO2: F 6 wt. % thin films. 

Transmittance 
Eg (eV) 

3.80 

3.86 

3.88 

3.93 



 
 
Chapter III                         Elaboration of SnO
 

 

III.4.5 Thickness Effect on

 

Figure III.13 shows the estimated optical band gap (

with different film thicknesses. As recapitulated in 

increases from 3.80 eV to 3.93

agreement with other results carried out in literature 

 

Figure III.13:  Band-gap estimation of 

 

III.4.6 Refraction Index 

Refractive index n 

to 1.99 on the visible wavelength average (400

affected by fluorine doping augmentation. Our refractive index values are in good agreement 

with the values that found in the literature 

 

III.4.7 Growth Velocity  

Growth velocity (Gv

upon time deposition as shown in 

Gv=183 nm/min. 
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Thickness Effect on Band Gap Value 

shows the estimated optical band gap (Eg) of SnO2

with different film thicknesses. As recapitulated in Table III.5 Eg values of SnO

eV to 3.93 eV with increasing film thickness. The results are in good 

agreement with other results carried out in literature [12] and elsewhere 

gap estimation of SnO2: F 6 wt. % thin films for different film thickness.

 values of undoped and F-doped SnO2 thin films are approximated 

to 1.99 on the visible wavelength average (400-800 nm), we noted that refractive index is not 

affected by fluorine doping augmentation. Our refractive index values are in good agreement 

with the values that found in the literature [25-27]. 

Gv) of thin films can be estimated from the plot of films thickness 

upon time deposition as shown in Figure III.14. The later was found to be in the range of 
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2: F 6 wt. % thin films 

values of SnO2: F 6 wt. % 

thickness. The results are in good 

elsewhere [24]. 

 

: F 6 wt. % thin films for different film thickness. 

thin films are approximated 

nm), we noted that refractive index is not 

affected by fluorine doping augmentation. Our refractive index values are in good agreement 

estimated from the plot of films thickness 

. The later was found to be in the range of 
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Figure III.14:  Plot of film thickness as function of deposition time for estimating growth velocity.

 

III.5 Reflectance and plasma frequency 

Optical reflectance spectra were obtained using an UV

Lambda 35) in spectral region 200

Figure III.15:  Spectral reflectance plot of F (6

Reflectance spectra of SnO

concentrations, are shown in 

in UV-visible and near IR region especially at the plasma wavelength. Int
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Plot of film thickness as function of deposition time for estimating growth velocity.

Reflectance and plasma frequency  

Optical reflectance spectra were obtained using an UV-visible spectrophotometer (UV, 

35) in spectral region 200–2500 nm. 

Spectral reflectance plot of F (6–12 wt. %) doped SnO2

Reflectance spectra of SnO2: F thin films deposited by ultrasonic spray, with various F 

concentrations, are shown in Figure III.15. As can be seen thin films have a weak reflectivity 

visible and near IR region especially at the plasma wavelength. Int

y Ultrasonic Spray & Obtained Results 
 

 
Plot of film thickness as function of deposition time for estimating growth velocity. 

visible spectrophotometer (UV, 

 

2 thin films. 

: F thin films deposited by ultrasonic spray, with various F 

. As can be seen thin films have a weak reflectivity 

visible and near IR region especially at the plasma wavelength. Interferences 
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phenomena on the patterns are seen in UV-Vis region. The calculated IR reflectivity is found 

to be in the range of 55-67 %. Fluorine doping enhances films reflectivity in IR region. 

Drude’s model is generally used to analyze the decrease in the transmittance near the 

infrared region. Briefly, this model illustrates the drop in transmittance at the NIR region and 

it is associated with the plasma frequency (ωp) expressed as [28, 29]: 

*
0

2

m

Ne
p

∞

=
εε

ω                                                            (III.6) 

where N is the carriers concentration, e is the electronic charge, ɛ0 is the permittivity of free 

space, ɛ∞ is the high frequency permittivity and m* is the effective mass. Plasma frequency is 

the frequency of periodic oscillations of charge density in conducting media [30]. For most 

TCO materials, the plasma frequency falls in the near-infrared part of the spectrum, that is 

why, the TCOs show good transparency to the visible light [31]. ωp is proportional to the 

square root of the carrier concentration, an increase in carrier concentration leads to a 

decrease in transmission in the near-IR region. The plasma wavelength λp is expressed as [32]: 

p

p

c

ω
πλ 2=                                                                (III.7) 

The plasma wavelength shifts towards the lower wavelength side due to increases in 

carrier concentration and then shifts towards the higher wavelength region due to a decrease 

in carrier concentration as seen in Figure III.15. Plasma frequency and plasma wavelength 

values are recapitulated in Table III.6. 

 

Table III.6:  Plasma wavelengths, plasma frequencies and carrier concentration of SnO2: F thin films. 

Material λp (nm) 
ωp 

(Hz)×1015

 

Optical N 

(cm-3)×1021 

SnO2: F 6 wt. % 1430 1.317 1.575 

SnO2: F 9 wt. % 1350 1.395 1.767 

SnO2: F 12 wt. % 1370 1.375 1.716 
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III .6 Characterization by FTIR Spectroscopy

FTIR transmission spectra were recorded using "Shimdzu IR Affinity 1" 

spectrometers (resolution 4 cm

SnO2: F thin films. The results were plotted in transmission mode in the range of 390

cm-1 and shown in Figure III.1

 

Figure III

FTIR study confirmed the formation of SnO

Sn–O at 526, 586 and 660
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.6 Characterization by FTIR Spectroscopy 

FTIR transmission spectra were recorded using "Shimdzu IR Affinity 1" 

spectrometers (resolution 4 cm−1, 10 scans). FTIR analysis has been performed on SnO

: F thin films. The results were plotted in transmission mode in the range of 390

Figure III.16 

Figure III .16: FTIR spectra of un-doped and F-doped SnO2 films.

 

confirmed the formation of SnO2 with characteristic vibration m

O at 526, 586 and 660 cm-1 [33-35]and O–Sn–O at 465 cm-1 [34, 3

y Ultrasonic Spray & Obtained Results 
 

FTIR transmission spectra were recorded using "Shimdzu IR Affinity 1" 

FTIR analysis has been performed on SnO2 and 

: F thin films. The results were plotted in transmission mode in the range of 390-1100 

 

 
films. 

with characteristic vibration modes of 

, 36-38]. All vibrations 
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modes at 500–700 cm−1 region are assigned to Sn–O stretching of tin oxide [33-35].The peak 

at 783 cm-1 can be assigned to Sn–O–Sn stretching vibrations [15, 39], while the peak at 850 

cm-1 is due to the phonon vibration [38]. The peak at 870 cm−1is due to Sn–OH bonds of the 

SnO2 crystalline phase [15] and the peak at 975 cm-1 is due to lattice vibrations [39]. The 

strong IR bands at 1042 cm-1 can be assigned as the vibration mode of (O-H) group of 

residual water and alcohol [40]. 

 After fluorine doping, two interesting phenomena have been observed which are a 

shift and appearance of others peaks related to fluorine incorporation. The first one (shift): the 

peaks at 975, 870 and 783 cm-1 shifted to, ~1000, ~900 and ~800 cm-1 respectively, because 

of fluorine doping. The second phenomenon is the appearing of Sn–F vibration mode at 482 

cm-1 with weak peak intensity in SnO2: F doped at 3 wt. % as Figure III.16 (b) shows; this 

peak intensity increases when F concentration reach 7 wt. % with another appearance of F-Sn-

F vibration mode around 400 cm-1 as remarked in Figure III.16 (c), this result was carried out 

in literatures [15, 36, 41]. In addition, a weak peak at ~709 cm-1 appeared in SnO2: F 3wt. % 

pattern and increases at 7wt. % fluorine doping level. This peak was attributed to Sn-F 

stretching mode vibration as will be demonstrated in the section IV.2 of Chapter IV. Those 

peaks related to Sn-F and F-Sn-F vibrations disappear when F doping level reach 12 wt. % as 

seen in Figure III.16 (d). 

 

III.7 Sheet resistance and Hall Effect 

Carrier concentration determined using Hall Effect measurement setup (Scientific 

Equipments, Model: EMU.50) and sheet resistance was measured with four-point probe on 

1x1cm2 sample sheet. All F doped SnO2 thin films were conducting at room temperature with 

resistivity values much less than of undoped SnO2 one. The four-point probe is preferred for 

measurement of sheet resistance (Rsh). Table III.7 gives Rsh values of the undoped and F 

doped SnO2 where one can see that Rsh of F doped SnO2 are relatively lower compared to the 

undoped SnO2 one which means that the lowest sheet resistance has the highest electrical 

conductivity. High electrical conductivity is very important aspect for collecting electrode but 

is not sufficient condition for solar cell applications as it will be elucidate in the following 

subsection. 
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Table III.7: Electrical parameters of SnO2 and SnO2: F thin films as a function of fluorine doping. 

Material Rsh (ΩΩΩΩ) 
Hall  N 

 (cm-3)×1019 

Undoped film 138 - 

SnO2: F 3 wt. % 75 0.75 

SnO2: F 6 wt. % 21 2.04 

SnO2: F 9 wt. % 24 0.98 

SnO2: F 12 wt. % 50 0.04 

 

 

The Hall Effect measurements are recapitulated in Table III.7, Hall measurements 

indicate that the ultrasonic sprayed SnO2: F films have n-type semiconductors character. 

Figure III.17 shows that the variations of sheet resistance and free carrier concentration, as a 

function of fluorine concentration of SnO2: F films, were inverted. This may be explained as 

follow: when fluorine is incorporated in tin oxide films, each F- anion substitutes an O2- anion 

in the lattice and the substituted O2- anions introduce more free electrons. This results an 

increase in free electrons and decreases the value of Rsh. The decrease in the free electrons 

with increase in the value of Rsh beyond a certain doping concentration of fluorine (6-7 wt.% 

in our work) probably represents a solubility limit of fluorine in the tin oxide lattice [42]. The 

excess F atoms do not occupy the proper lattice positions to contribute to the free carrier 

concentration while, at the same time, enhance the disorder of the structure leading to an 

increase in sheet resistance as it was seen in the X-ray pattern for the 9 wt.% doped sample in 

Figure III.5 where more picks appeared (see section I.13 in chapter I). 



 
 
Chapter III                         Elaboration of SnO
 

 

Figure III.17:  Variations of carrier concentration and sheet resistance of FTO films with different fluorine 

Conclusion 

In this chapter, the experimental results obtained by the analysis of the elaborated 

SnO2: F thin films were introduced. The results revealed that the elaborated films are 

conducting and transparent and fluorine doping enhance the quality of the films. 

chapter one can conclude the following points:

• All prepared films are polycry

• SEM images of the films surface shows that

grains and homogeneous distribution;

• For undoped SnO2 films the average transmission, in visible region, is more than 

Whereas for the doped SnO

region, is located in the average 

• FTIR study confirmed the formation of SnO

Sn–O and O–Sn–O, with appearing of Sn

• Hall measurements indicate that the SnO

character with carrier concentration in the average 0.04

Elaboration of SnO2 Thin Films by Ultrasonic Spray

80 

Variations of carrier concentration and sheet resistance of FTO films with different fluorine 

doping. 

the experimental results obtained by the analysis of the elaborated 

: F thin films were introduced. The results revealed that the elaborated films are 

conducting and transparent and fluorine doping enhance the quality of the films. 

chapter one can conclude the following points: 

films are polycrystalline and having SnO2 tetragonal rutile structure

SEM images of the films surface shows that the substrate is well covered with fine 

grains and homogeneous distribution; 

films the average transmission, in visible region, is more than 

or the doped SnO2 films, the value of transmission 

region, is located in the average 73.5–87.5 %; 

FTIR study confirmed the formation of SnO2 with characteristic vib

, with appearing of Sn-F vibration modes after fluorine doping.

Hall measurements indicate that the SnO2: F films have n

character with carrier concentration in the average 0.04-2.04×1019
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Variations of carrier concentration and sheet resistance of FTO films with different fluorine 

the experimental results obtained by the analysis of the elaborated 

: F thin films were introduced. The results revealed that the elaborated films are high 

conducting and transparent and fluorine doping enhance the quality of the films. From this 

tetragonal rutile structure; 

well covered with fine 

films the average transmission, in visible region, is more than 74 % 

films, the value of transmission T(λ), in the visible 

with characteristic vibration modes of 

vibration modes after fluorine doping. 

n-type semiconductors 
19 cm-3. 
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The goal of this study is to determine spectroscopically  the optoelectronic magnitudes 

of F doped SnO2 prepared by ultrasonic spray. We had concentrated our interest on effect of 

fluorine doping on the structural, optical and opto-electrical properties of SnO2 thin films.. 

Effect of film thickness on certain properties such as structural, optical and figure of merit  

has been investigated. 

During this study, undoped and fluorine (0-12 wt. %) doped SnO2 thin films were 

deposited on glass substrates by ultrasonic spray technique The prepared films have been 

studied and analyzed using several analyzes techniques, such as: DRX, UV-Vis, FTIR, SEM, 

PL, four probes and hall effect. Our results were presented and discussed broadly and we had 

compared our results with ones that published in the literatures, our results reveal good 

agreement with other researchers. 

The main results obtained in the presented search may be concluding as follow: 

• SnO2 thin films were deposited, successfully, on glass substrates by ultrasonic spray 

method from a solution of tin chloride (SnCl2) using a solvent mixed of methanol and 

distilled water. 

• XRD characterization revealed that the undoped and F-doped SnO2 thin films were 

polycrystalline with tetragonal rutile structure.  

• For undoped film the crystallite size was about 24.74nm whereas it was found to 

decrease only, for 3 wt.% F doped SnO2, to 11.58nm and increases with increasing F 

concentration to 28.16nm  for SnO2: F 12 wt. %. 

• SEM images of the films surface revealed that the elaborated films having uniform 

morphology and the substrates were well covered.  

• The prepared films have high transmittance in visible area ranging in 73.5-87.5% and 

transmittance values were enhanced after doping with fluorine. 

• FTIR study confirmed the formation of SnO2 with characteristic vibration modes of 

Sn-O and O-Sn-O, with appearing of Sn-F and F-Sn-F vibration modes after fluorine 

doping. 

• Hall measurements indicate that the SnO2: F films have n-type semiconductors 

character with carrier concentration in the average 0.04-2.04×1019cm-3. 



 

                                                                                                                    Conclusion and Perspectives 
 

100 

 

• Obtained results demonstrate that SnO2 thin films have good opto-electronic 

properties. 

• Figure of merit values were calculated from sheet resistance and transmittance 

measurements. For fluorine effect, a maximum value of figure of merit was 9.76×10-3 

(Ω-1) at λ= 900 nm for 12 wt. % fluorine concentration. For thickness effect, a 

maximum value of figure of merit, (13.04×10-3Ω-1), was obtained with FTO thin films 

at λ= 700 nm for 440 nm thickness. 

• below 7 wt.% F concentration, fluorine substitute oxygen and fill in oxygen vacancies.  

• above 7 wt.% fluorine substitute oxygen, fill in oxygen vacancies and act as interstitial 

element in the lattice, those effects caused a decrease in carrier concentration but 

enhanced optical properties and figure of merit. 12 wt. % F doped SnO2 reveal the 

highest transmittance and figure of merit values. 

• Contact angle measurements confirmed that fluorine doping enhances hydrophobic 

properties of SnO2 thin films. The 3 and 7 wt.%  F doped films have the higher contact 

angle. 

• Obtained results demonstrate the success of the ultrasonic spray technique to prepare 

thin films of SnO2 with characteristics appropriate to the physical applications. 

• The obtained high conducting and transparent FTO thin films are promising to be 

useful in various optoelectronic applications, in particular, as window layer in solar 

cells. 

Suggestions for future:  

• More detailed studies on the obtained results will take place in the future, in particular 

photoluminescence study. 

• More extensive characterization of prepared films. 

• Co-doping tin oxide will take our interest in the future. 


