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Introduction 

A combination of transparency and conduction can be achieved in two 

classes of material. The first group is formed by extremely thin (~10 nm) 

metal films, especially Ag, Au or Cu. The luminous transmittance can go 

up to 50%, and even higher when the metal is sandwiched between anti-

reflecting layers [1]. The conductivity is strongly thickness dependant, and 

therefore quite low for these very thin films. The second class of materials 

consists of wide band gap semiconductors. As early as 1907, the 

coexistence of electrical conductivity and optical transmittance was first 

observed in cadmium oxide [2] which firstly was reported by Badeker. 

However, the technological advances in Transparent conducting oxides 

(TCOs) emerged only after 1940, as the potential applications in industry 

and research became evident. In 1956 Thelen et al. [3] found transparency 

and conduction in indium oxide, which was later used in applications for 

heated windows. Years of extensive research finally led to Sn-doped In2O3 

(known as indium tin oxide or ITO) with excellent electrical and optical 

properties [4]. However, indium is an expensive substance and the 

abundance of indium is low suggesting alternatives. 

Limitations of TCOs become more critical as passive and active devices 

based on these materials get more sophisticated. For example, as displays 

become larger and writing speeds get faster, it becomes increasingly 

important to decrease resistivity while the transparency is maintained [5]. 

Simply increasing the thickness is not acceptable since the optical 

absorption will increase. A deep understanding of the fundamental aspects 

of transparent semiconductors is therefore required in order to improve 

either the properties of existing materials or design a new type of TCOs. 

These insights are of great scientific importance whether the realization of 
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high-performance TCOs on substrates is possible. 

At present, Indium Tin Oxide (ITO) is commonly used as transparent 

electrodes, especially in large-area applications such as displays letting it 

become the primary end user of the world’s indium production as seen 

from figure 1 which displays its quickly disappearance. The supply of 

indium has become unreliable during the last 20 years [6], whereas the 

display market is still expanding. Indium prices are therefore subjected to 

major instabilities. Alternative materials are welcome to manufacturers of 

flat panel displays, and much research is conducted on suitable candidates. 

 

 

Fig. The market for ITO and ITO alternatives in 2018 and 

2021(http://www.idtechex.com/). 

 

One of the ITO alternatives is Tin oxide (SnO2) as promoter n-type TCOs. 

SnO2 is a non-stoichiometric semiconductor with a wide bandgap (Eg ≥3.1 

eV) at room temperature with tetragonal rutile structure [7]. SnO2 thin 

films are characterized by their low cost, low resistivity, high 
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transmittance in the visible wavelength region, and high chemical and 

thermal stabilities compared to other TCOs [8]. SnO2 films are widely 

used in optoelectronic applications, heat mirror coatings, photocatalysis, 

organic light emitting diodes, gas sensors, solar energy collectors and so 

on [9-14].There are several methods for preparing SnO2 films as it will be 

described in state and of TCOs Chapter. Various parameters such as 

annealing temperature, deposition rate, oxygen partial pressure and 

substrate temperature have a significant influence on characteristics of 

SnO2 films. Among these parameters, substrate temperature, precursor 

concentration, nature of the solvent, and doping have a major role in 

decreasing the intrinsic stress, improving homogeneity and crystallinity, 

increasing the mobility of charge carriers and figure of merit of the films to 

get better qualities and to become an alternative to ITO. 

 

The aim of the present thesis is the investigation of the influence of the 

deposition parameters on the properties of SnO2 thin films prepared by 

ultrasonic spray pyrolysis in order to optimize these parameters to produce 

a suitable collector layer with low cost solar cells which is the main goal of 

this study and gas sensor for sensing organic vapor and different gases. A 

systematic study of the influence of various parameters related to this 

ultrasonically technique on the elaborated SnO2 thin films properties such 

as structural, optical, electrical and figure of merit will be carried in the 

present work. 
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The thesis is organized as following: 

 

Firstly In Chapter I, we will present a literature survey on SnO2 thin 

films, an insight upon its different properties and applications will be 

outlined, secondly in the three next chapters which are the goals of this 

thesis; Results and discussion on the ultrasonically deposited tin oxide 

(SnO2) thin films with different substrate temperatures will be represented 

in Chapter II, Results and discussion on the ultrasonically deposited tin 

oxide (UD-SnO2) thin films with effect of tin precursor concentration, on 

physical properties will be exhibited in Chapter III; in Chapter IV, we 

will represent the results and discussion on the UD-SnO2 thin films with 

effect of solvent (water/methanol) on its physical properties also. In 

Chapter V: We present the brief summary of obtained results, concluding 

remarks and suggestions for future works. 

Finally, the general conclusion about this work will be given. 
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I.I Transparent conducting oxides (TCOs) 

 

 

Transparent conducting oxides (TCOs) are materials having the property 

of simultaneously conducting electricity and exhibiting transparency in the 

visible region of the electromagnetic spectrum. The materials are often a 

compound of oxygen and one or two metallic elements and the material 

properties are highly dependent on used elements. The properties are also 

affected by the quality of the material and the deposition method. High-

quality TCO films having a thickness between (30-420nm) deposited by 

pulsed laser deposition and magnetron sputtering have shown transparency 

as high as ~90% and a resistivity in the 10
−5

Ω cm range [1, 2]. 

TCOs were first reported by Badeker in 1907. He discovered that a thin 

film of cadmium could be made transparent by oxidizing it. Fortunately, 

the film was still conducting electricity. Since then, several other materials 

have been shown to exhibit this unique combination of properties. Some of 

the most frequently applied TCOs today are an antimony-doped tin oxide 

(ATO), tin doped indium oxide (ITO), aluminum doped zinc oxide (AZO), 

fluorine-doped tin oxide (FTO) and niobium doped titanium oxide [3]. 

Over the last decade, new transparent and conducting materials for flexible 

substrate application have been studied intensively. Fortunately, research 

on materials like nanowires of pure metals, plasmonic graphene, and 

highly doped conjugated organic polymers has shown that they exhibit  

sufficient optical transparency and electrical conductivity as transparent 

conducting materials [4-6]. 

In our daily lives, TCO materials are used in numerous devices. Their 

applications are mostly found in display technology, organic light-

emitting-diodes (OLEDs), thin-film solar photovoltaics and ―smart 



Chapter I                                                                      State of the TCOs Art 

 

9 
 

windows‖. Both in existing as well as new applications the implementation 

of a polymer support instead of the commonly used rigid glass has become 

significant in the field of research, for example in the realization of flexible 

displays. As polymer materials with functional or protective coatings are 

combined, the flexibility, light-weight, and cost-effectiveness of the 

substrate offer many new advantages for device engineering. With regard 

to processing, however, the manufacturing temperature of TCO materials 

on polymers is limited, which negatively influences their performance [7]. 

As cited above, in general, TCOs are utilized for a lot of applications. 

Though, the applications are dominated by only a handful of TCOs: FTO, 

ITO and a variety of different doped ZnO. 

The most common TCO applied in the industry today is FTO. This 

material is used in the production of windows having a low radiative heat 

loss, called ―energy efficient windows‖ or low emissivity windows called 

too ―low-e windows‖. Such windows are able to maintain the heat indoor 

during the winter months and reflect or absorb the infrared light from 

outside during the summer months. This way, both heating and cooling 

costs will decrease [3, 5]. 

The second largest application area for TCOs is flat panel displays. This is 

a continuously growing market and ITO is the main TCO applied. Though, 

recently amorphous indium doped zinc oxide has partly replaced ITO due 

to better patterning properties and thermal stability [3]. 

The third largest industry application for TCOs is front electrodes in 

photovoltaics. ITO is the most utilized TCO for this purpose. However, 

indium is an expensive substance and the abundance of indium is low. This 

has raised zinc oxide as an alternative TCO in photovoltaics area [3]. 

Other important application areas of TCOs are for instance gas sensors, 
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oxide based thin film transistors, and electrochromic devices, e.g. windows 

with adjustable transparency, and automatically dimming of rear-view 

mirrors for automobiles[8-10]. It is obvious that applications of TCOs  

show that such materials play an important role in the development of 

―green‖ technologies: Energy efficient windows and light-emitting diodes 

(LED) for indoor lighting [11] have a significant impact on lowering 

energy consumption, while photovoltaics are contributing to a more 

sustainable and clean power generation [3, 12]. 

I.2. Methods and Elaboration 

 

There are several methods for preparing SnO2 films: The screen printing 

technique [13], chemical vapor deposition [14], reactive evaporation [15], 

DC and RF sputtering [16] and pulsed laser ablation [17], thermal 

evaporation [18], electron beam evaporation [19], metal–organic 

deposition [20], sol–gel deposition [21]and spray pyrolysis [22]. Among 

these methods, thermal evaporation has the advantages of producing high 

purity crystalline products and durable films in a single step. Various 

parameters such as annealing temperature, deposition rate, oxygen partial 

pressure and substrate temperature have a significant influence on 

characteristics of SnO2 films. Among these parameters, substrate 

temperature has a major role in decreasing the intrinsic stress, increasing 

the mobility of charge carriers, and improving homogeneity and 

crystallinity of films to get better quality films. 

I.3 Basic physics  

 

As previously stated, the unique combination of transmitting and 

conducting properties of TCOs makes the materials suitable for several 
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applications. However, the two properties are not independent. A change 

of which one of them will affect the other. 

The nature of the transmitting property is associated with the wide band 

gap exhibited by the TCO. In order to be transparent in the visible range, 

the TCO material generally has a band gap larger than 3 eV, which implies 

an absorption onset at approximately 400 nm. At the long wavelength side 

of the visible spectrum (near infrared), the transmission is limited by the 

electron plasma oscillation [23]. Both limits are influenced by changes in 

the electron concentration: 

  One effect of increased electron concentration (ne) is a shift of the 

Fermi level to higher energies, called the Burstein-Moss shift [24, 25]. 

When the Fermi level shifts and overlaps the conduction band, the lowest 

states in the conduction band are blocked. This requires incident photons 

of higher energy in order to be absorbed, and hence the onset of the 

absorption is shifted toward higher energies [3, 14, 26, 27]; generally, 

this phenomenon occurs after doping. 

  The second effect of increasing the electron concentration is a shift of 

the plasma frequency towards higher frequencies, as seen on Eq. I.6; 

where ωp is the plasma frequency and ne is the number of electrons [28]. 

This introduces absorption and hence, a reduction in transparency at 

longer wavelengths. The illustrated example, in Fig. I. 1, shows optical 

reflection, transmission and absorption spectra, for a typical SnO2 TCO 

on the glass, which, collectively, shows the key spectral features of a 

TCO material. First, the material is quite transparent, 80%, in the visible 

portion of the spectrum, 400-700 nm. Across this spectral region where 

the sample is transparent, oscillations due to thin film interference effects 

can be seen in both the transmission and reflection spectra. From which, 
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generally film thickness is deduced. The short wavelength cut-off in the 

transmission at 300 nm is due to the fundamental band gap excitation 

from the valence band to the conduction band as depicted in the right 

panel of Fig. I.1. The gradual long wavelength decrease in the 

transmission starting at 1000 nm and its corresponding increase in the 

reflection starting at 1500 nm are due to collective oscillations of 

conduction band electrons which are known as plasma oscillations for 

short wavelength. There, Substantial absorption can also proceed which 

is due to these plasma oscillations as is the case for this particular sample 

with the maximum absorption, occurring, at the characteristic plasma 

wavelength, λp, as shown in the same figure. As the number of electrons 

in the conduction band, ne, is increased, such as by substitution doping, 

the plasma wavelength shifts to shorter wavelengths [3]. 

 

 

Figure I.1: Spectral dependence of TCO (F-doped SnO2): λgap and λp are the wavelengths 

at which the band gap absorption and free electron plasma absorption takes place [29]. 
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I.4.Optical properties  

 

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 incoming light intensity and 

transmitted intensity averaged over all values in between 400-700nm. A 

typical spectral dependence of TOSs is schematically shown in figure I. 1. 

The transmission window is defined by two regions where no light is 

transmitted due to two different phenomena. At low wavelengths (λ<λgap) 

the absorption due to the fundamental band gap dominates. The photon 

energy in this near-and deep-UV part of the spectrum is high enough to 

equal the band gap energy (3-4 eV). This energy is absorbed and as 

consequence to this band to band electron transitions happens, and no light 

is transmitted because of this quantum phenomenon. For longer 

wavelengths, in the (near) infrared (IR) part of the spectrum, no light is 

transmitted due to the plasma edge (λ>λp). Here the light is electronically 

reflected as it was best described by the classical Drude free-electron 

theory [30]. 

In the free electron model, the electrons may be thought 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, 

which is so called the resonance or plasma frequency. This wavelength λp 

corresponds to the plasma frequency is ranged in 1-4 µm for TCOs [12]. 

The interaction of free electrons with the electromagnetic field influences 

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

complex number in the following equation: 

  (    )                           (I. 1) 
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where the real part is the refractive index (n) and the imaginary one is 

extinction coefficient (k) respectively. These parameters determine the 

reflectance and absorptance of the material. Close to the plasma frequency 

the properties of the material change drastically. In the infrared (IR) part of 

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

of ―the electron velocity VF“ is large, and the penetrating wave drops off 

exponentially [31]. 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 the equation: 

 

  √  √(  (
  

 
)
 

)  √              (I. 2) 

 

Here ε is the high-frequency permittivity. The TCO behaves like a 

dielectric and is transparent in the region for (ω>ωp) [32]. In this 

transparent regime, the film is weakly absorbing (k
2
<<n

2
) and the 

transmission can be expressed as [33]: 

 

  (   )    (   )                   (I. 3) 

 

R is the zero degrees incidence reflectance, d is the film thickness and α is 

the absorption coefficient and depends on the wavelength according to the 

following expression: 

  
   

 
                                      (I.4) 
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Close to λgap the reflectance is zero and the absorption coefficient, as a 

function of wavelength, can be obtained easily from the transmission 

curve. The following relation is commonly applied for directly allowed 

transitions: 

  √                                   (I.5) 

 

where hν is the photon energy and Eg is the band gap. The latter is 

calculated from the Tauc plot giving α
2
 versus the photon energy hν [34]. 

By extrapolating α
2
 to the x-axis intersection (it means α=0) in formula 

I.5, it implies that the photon energy equals the bandgap energy (hv ≈ Eg). 

This method is usually to extract band gap energies from transmission 

data. 

I.5.Correlation between optical and electrical properties  

 

The optical parameters of TCOs are affected by the electrical properties of 

the material. The earlier mentioned plasma resonance frequency is not a 

fixed value but varies with the electron concentration. The plasma 

frequency in relation to the carrier concentration is expressed by: 

 

  
  

    

     
 
              (I.6) 

 

here ωp is the plasma frequency, ε is f the relative permittivity,    is the 

permittivity limit of the material, ne, e and m
*
 are the carriers 

concentration, the electron charge and the reduced effective mass of the 

electron carriers respectively. 

At this frequency, the dielectric-like visible transmittance equals the 
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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. For example, the plasma wavelength of ITO films 

can be tuned from 1.5 µm to 4 µm due to the carrier concentration by 

changing the composition and deposition parameters [35, 36]. 

The refractive index of commonly TCO materials varies in between 1.7 

and 2.1 [37]. Moreover, a large spread of the similar material is frequently 

reported. The main reason is that also the refractive index is dependent on 

the carrier concentration according to: 

 

        (
    

        
)                       (I.7) 

 

Here ω is the frequency of incoming light. Changing the refractive index is 

useful for waveguide applications. For instance, in ITO this value can be 

tuned between 1.70 and 2.05 [38, 39]. 

For heavily doped oxide semiconductors a gradual shift of the band gap 

towards higher energy as the electron density increases is generally 

observed [40]. This well-known effect is attributed to the Burstein-Moss 

shift (BM shift) [24]. In heavily doped semiconductors, the lowest states in 

the conduction band are blocked. Hence transition can only take place to 

energies above EF, enlarging the effective optical gap. The energy gap 

between the top of the valence band and lowest empty state in the 

conduction band (both assumed parabolic) can be given by: 

 

          
                          (I.8) 
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In this formula, Eg0 is the intrinsic band gap and the BM shift is given by 

the following expression: 

   
    

  

    
 (  

   )
                        (I.9) 

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

 

 

   
  

 

  
  

 

  
                      (I.10) 

 

Where   
  and   

  are effective mass of the carriers in the conduction and 

valence band respectively.  

I.6. General properties  

 

Preparation method, for growing high-quality TCO films, is of great 

importance. The physical properties of TCO thin films are strongly 

dependant on the structure, morphology and composition of the thin films, 

and the nature of the incorporated impurities. These factors are influenced 

by the deposition parameters of the different growth techniques. For TCO 

thin film preparation, a wide variety of growth techniques has been 

reported and examined extensively. 

Effective TCOs should possess both high electrical conductivity and low 

absorption of visible light. Thus the ratio between the transmittance (T) 

and sheet resistance (Rs) of transparent conducting films is named a figure 

of merit (FOM) for rating these materials. Later Haacke defined a more 

suitable measure, as for some applications, optical absorption is too low at 

maximum FOM [41]. This new parameter     representing the figure of 

merit is defined as: 
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⁄                         (I.11) 

Besides the electrical and optical properties, other criteria influence the 

choice of material and deposition method. For material processing the 

etching properties, production cost or toxicity are important. In view of 

applications the plasma frequency, mechanical hardness; thermal or 

chemical stability and minimum deposition temperature are essential. An 

overview of these criteria tailored to a different application is reported by 

Gordon [12]. 

I.7.Structural Properties 

 

SnO2 belongs to the space-group symmetry P42/mnm and with lattice 

constants, a = b = 4.7382, c = 3.1871 [42]. The Sn and O atoms have 6-3 

coordination, that is, Sn atoms are six-fold coordinated and O atoms are 

three-fold coordinated, as depicted in Fig. I. 2. SnO2 is usually regarded as 

an oxygen-deficient n-type semiconductor. This means that SnO2 prefers 

to give up oxygen and can accommodate electrons more easily than holes 

in its lattice [43]. Thus, oxygen vacancies are always the source of electron 

carriers for an undoped material. SnO2 is a prototype material for the 

development of transparent conducting oxides. Its wide direct band gap 

characteristics (~3.6-3.8 eV), high transparency in the visible region, high 

mechanical hardness, and environmental compatibility are the interesting 

features that are essential and plausible properties for electrode materials 

[44, 45], gas sensors [46-49], solar cell fabrication [50-52], transparent and 

protective coatings [53-55], and other device applications. 
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Figure I. 2: Rutile structure of SnO2: gray and red circles are tin and oxygen atoms, 

respectively (https://en.wikipedia.org/wiki/Tin_dioxide ) . 

 

In gas sensors applications, when the SnO2 surface is exposed to air, 

oxygen absorbs onto the surface as O
2-

 ads or O
-
 ads. These adsorbed 

molecules form an electron depletion layer just below the SnO2 surface 

and consequently make the SnO2 highly resistive [56, 57]. When reducing 

gases (e.g. H2 and CO) are introduced as gas ambient, the adsorbed 

oxygen species are removed through the oxidation of reducing gases and 

the electrons that are being captured in the process are restored in the 

conduction band. This results, in decreasing the resistance and/or 

resistivity of the oxide material, can be recorded and measured easily as 

the response of gas detection [58]. Moreover, photochemically deposited 

SnO2 thin films as hydrogen gas sensors are found to be highly sensitive at 

room temperature [59, 60]. Introducing impurities such as Cu, Fe, Co, Al, 

Zn and Ni on the undoped SnO2 can enhance the electrical properties of 

the material [61-66] and promote change or modify the surface 

morphology and decrease the grain size [67]. 

https://en.wikipedia.org/wiki/Tin_dioxide
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Completely stoichiometric undoped tin oxide would be an insulator, but a 

reasonable degree of conductivity can be achieved by stoichiometric 

deviation or by doping. Undoped tin oxide films often show some degree 

of conductivity because of unintentional doping with Cl
-
 or due to non-

stoichiometry, mostly caused by oxygen vacancies in the lattice. These 

vacancies contain electrons from the removed oxygen atom, which can be 

excited to the conduction band. If too many oxygen vacancies are created, 

the structure can change into SnO with excess oxygen, which often has a 

negative influence on the conductivity. Another possibility for increasing 

the conductivity of tin oxide is the incorporation of suitable ions in the 

lattice. Substituting Sb
5+

, Sb
3+

, In
3+

, P
5+

, Sm
3+

or As
3+

for Sn
4+

, or 

substituting F
-
, Cl

-
 for O

2-
, results in a donor level in the energy [68-73] 

band gap causing a higher conductivity. The charge carriers generated by 

non-stoichiometry and doping are scattered by various mechanisms, like 

ionized impurity scattering, neutral impurity scattering, grain boundary 

scattering, and scattering at other defects and dislocations. Thus, the 

conductivity is dependent on the composition and the morphology of the 

layer, which in turn is dependent on deposition parameters like substrate 

temperature, film thickness, gas flow rate, precursor composition, and 

post-deposition annealing [58]. 

At the end of this chapter, an overview on n-type and p-type TCOs is given 

in Table I.1. in these tables are selected on the best performance of the 

TCO, but are merely a selection of the vast amount of literature on these 

materials. It illustrates the diversity of materials and corresponding 

properties deposited by different deposition methods. 
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Table I.1: Reported properties of transparent conducting oxides 

 

TCO References 
Sb-doped SnO2 by spray pyrolysis  [74] 
Cl-doped SnO2 by spray pyrolysis  [75] 
F-doped SnO2 by spray pyrolysis  [76] 
Sn-doped In2O3 by spray pyrolysis  [77] 
Sn-doped In2O3 by sputtering  [78] 
Sb-doped SnO2 by CVD  [79] 
Cd2SnO4 by sputtering  [80] 
Cd2SnO4 by spray pyrolysis  [81] 
F-doped SnO2 by CVD  [82] 
TiN by CVD  [83] 
Al-doped ZnO by spray pyrolysis  [84] 
Al-doped ZnO by sputtering  [85] 
In doped ZnO by sputtering [86] 
B-doped ZnO by CVD [87] 
Ga-doped ZnO by sputtering [88] 
Al-doped ZnO by CVD [89] 
Ga-doped ZnO by CVD [90] 
Zn2SnO4 by sputtering [91] 
Cd2SnO4 by pulsed laser deposition [92] 
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II.1 Introduction 

Tin oxide (SnO2) is a non-stoichiometric semiconductor with a wide 

bandgap (Eg ≥3.1 eV) at room temperature with tetragonal structure[1]. 

SnO2 films have unique characteristics such as low cost, low resistivity, 

high transmittance in the visible wavelength region, and high chemical and 

thermal stabilities compared to other transparent conductive oxides 

(TCOs) [2]. SnO2 films are widely used in optoelectronic applications, 

heat mirror coatings, photocatalysis, organic light emitting diodes, gas 

sensors, solar energy collectors and so on [3-8]. There are several methods 

for preparing SnO2 films: The screen printing technique[9], chemical 

vapor deposition[10], reactive evaporation [11] , dc and rf sputtering[12] 

and pulsed laser ablation[13] , thermal evaporation [14], electron beam 

evaporation [15], metal–organic deposition[16], sol–gel deposition[17]and 

spray pyrolysis[18]. Among these methods, thermal evaporation has the 

advantages of producing high purity crystalline products and durable films 

in a single step. Various parameters such as annealing temperature, 

deposition rate, oxygen partial pressure and substrate temperature have a 

significant influence on characteristics of SnO2 films. Among these 

parameters, substrate temperature has a major role in decreasing the 

intrinsic stress, increasing the mobility of charge carriers, and improving 

homogeneity and crystallinity of films to get better quality films. To the 

best of our knowledge, not much attention has been paid to the study of the 

substrate temperature effect on characteristics of undoped SnO2 thin films 

deposited by spray ultrasonic. 

In this work, the structural, optical and electrical properties of SnO2 thin 

films deposited on glass substrates at various deposition temperatures by 

spray ultrasonic have been investigated using X-ray diffraction (XRD), 
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UV–visible spectrophotometer and a conventional four-point probe 

technique. 

 

II.2Experimental details 

 

SnO2 films were ultrasonically deposited on a glass substrate heated 

between 400–500 °C. As a precursor for tin, used in this work, was a 

99.99% pure stannous chloride (SnCl2 2H2O) dissolved in double distilled 

water and methanol (volume ratio1:1) with adding few drops of (HCl). The 

precursor concentration was (0.1 M). The later was stirred at room 

temperature (rt) for half an hour to yield a clear and transparent solution. 

The blend so obtained was used as a stock solution for spray ultrasonic. An 

R217102 microscopic glass slide in a size of (75 x 25 x 1.1 mm
3
) was used 

as substrates. Those substrates were cleaned with alcohol in an ultrasonic 

bath and distilled water then blow-dried with dry nitrogen gas. The 

substrate temperature was varied between 400–500 °C and steeped by 20 

°C[19]. To read and control the substrate temperature a Chromel–Alumel 

and K type thermocouple were used. The time deposition was maintained 

3 min for each experiment. After deposition, the films were allowed to 

cool down naturally to room temperature. 

 

II.3 Film Characterizations 

The structural properties of the film were investigated using X-ray 

Diffractometer (XPERT-PRO X-ray Diffractometer system under 30 kV, 

30 mA conditions) equipped with X’Pert High Score under Cu Kα (k = 

1.5406 Å) radiation in the scanning range of (2θ) between 20-90°. The 

grain size of the films was estimated using X’Pert High Score. The optical 
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transmission spectra were obtained using a UV-visible spectrophotometer 

(Shimadzu, Model 1800) and measured in the range of 300-900 nm; 

whereas the different optical parameters such as the bandgap, Urbach 

energy, electron plasma frequency and film thickness were determined 

using data and fitting of the transmission spectrum. The resistivity of thin 

films was characterized using four point probe method on 1x1 cm
2 

sample 

sheet. All measurements were carried out at room temperature (rt). 

 

II.4Results and discussion 

II.4.1 X-ray diffraction studies 

 

The XRD patterns of SnO2 thin films deposited at various substrate 

temperatures are shown in ( Fig. II.1). As it can be seen the diffraction 

peaks were observed at 2θ = 26.65°, 33.939°, 38.035°, 51.771°, 54.7124°, 

61.886°, 65.898° and 78.597° which are related to the following plans 

(110), (101), (200), (211), (220), (310), (301) and (321) respectively. The 

obtained XRD spectra matched well with the space group P42mnm[1] 

according to JCPDS (No. 41-1445) of the tetragonal, rutile SnO2structure 

and indicated the polycrystalline nature of the thin films; the tin dioxides 

thin films deposited at temperature down to 420 °C were partially 

crystalline in nature [20] and they contain (101) SnO peak according to 

JCPDS (No. 06-395) this peak is signalized by a start (*) in  Fig. II.1. It is 

worth noting that the crystallinity was increased as the substrate 

temperature increases (peak intensities) from 420 °C to 500 °C, indicating 

the formation of more crystallites with well-defined orientation along 

(110) plane and some other less prominent peaks such as (200) and (211) 

planes which were also present in the XRD 
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Fig. II.1. XDR patterns of undoped SnO2 thin films with different substrate temperatures. 

 

 

Fig. II.2.Variation of TC(hkl) with different substrate temperatures in SnO2thin films. 
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patterns ( Fig. II.1). The increase in crystallinity with substrate temperature 

is may be due to the optimum rate of supply of thermal energy for 

recrystallization with substrate temperature as reported by Nikale et 

al.[21]. 

 

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 TC(hkl)have been calculated from the X-ray 

data using the well-known formula [22]: 

 

  (   )  
 (   )   (   )⁄

   ∑  (   ) 
   (   )⁄

           (II.1) 

 

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), (101), (200), (211), (310) and (301) with 

increasing substrate temperature are shown in ( Fig. II.2). The peaks were 

less than unity confirming the polycrystalline nature of the films. 

However, the films deposited up to 480 °C presented a possible oriented 

growth along the (110) plane direction and with other less oriented growth 

along the (211) plane as seen in  Fig. II.2. It is worth noting that 

preparation of the (110) surface in vacuum alone always results in an 

oxygen deficient surface [23], the (110) surface exhibits the lowest energy 

surface followed by the (211), and (200) surfaces. 
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The lattice constant ‘a’ and ‘c’, for the tetragonal phase structure is 

determined by the relation[24]: 

 

        ( )       and   
 

    
  

     

  
 
  

  
      (II.2) 

 

where ‘d’ is the interplaner distance and (hkl) are Miller indices, 

respectively. The lattice constants a and c are calculated and given in  

Table II.1. The lattice constant a and c first increase to reach a maximum 

value at around 480 °C and then decrease. It was observed that lattice 

constants a and c calculated for 480 °C match well with the standard 

JCPDS data card [1]. The variation in lattice constant (Δa and Δc) for the 

spray-deposited thin film over the bulk clearly suggests that the film grains 

are strained, which may be due to the nature and concentration of the 

native imperfections changing (oxygen vacancies, vacancy clusters, and 

local lattice disorders) [25]. 

 

The average nanoparticles crystallite size of SnO2, with a varying substrate 

temperature, was determined from XRD broadening using the 

Williamson–Hall  formula [26]: 

 

     

 
 
   

 
  

    

 
           (II.3) 
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Table II.1: Crystallite size D, dislocation density d, strain ε, and lattice parameters a and c of 

undoped SnO2 thin films with different substrate temperatures. 

 

Tsub D δx10
15

 ε x10
-3

 Lattice constants (Ǻ) 

(°C) nm (lines/m
2
)  a Δa c Δc 

400 6.52 23.51 -27 4.722 -0.015 3.173 -0.013 

420 8.23 14.75 -18 4.725 -0.012 3.179 -0.007 

440 13.27 5.67 -7 4.724 -0.013 3.179 -0.007 

460 15.52 4.15 -4 4.727 -0.010 3.180 -0.006 

480 20.27 2.43 -2 4.731 -0.006 3.184 -0.002 

500 29.80 1.12 -1 4.724 -0.013 3.183 -0.003 

 

 

Fig. II.3.Williamson–Hall plots of undoped SnO2thin films with different substrate temperatures. 

 

 

where λ is the wavelength of X-ray radiation, β is the full width at half 

maximum of the peak at diffraction angle θ [27] and the average crystallite 

sizes were found to be in the range of 6.52–29.80 nm and increases with 

increasing substrates temperature. The increase may due to non-uniform 

stress or strain during the grain growth or to the existence of local 

structural disorder in the material. In fact, the growth mechanism involving 
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dislocation is a matter of importance. Dislocations are imperfect in a 

crystal associated with the miss-registry of the lattice in one part of the 

crystal with respect to another part. Unlike, vacancies and interstitials 

atoms, dislocations are not equilibrium imperfections i.e., thermodynamic 

considerations are insufficient to account for their existence in the 

observed dislocation densities [28]. In our case, dislocation density (d) was 

determined using the relation [29] as given below: 

 

  
 

  
          (II.4) 

 

The calculated dislocation density (δ) was given in  Table II.1. It was 

observed that d decreases with increasing substrate temperatures from 400 

°C to 500 °C and having accordance with the lattice constant a, c and 

microstrain tendency, as seen in  Table II.1. 

 

The effective lattice strain, of the present synthesized SnO2 nanoparticles, 

was calculated by using Williamson–Hall equation [26]: 

 

     

 
 
   

 
  

    

 
          (II.5) 

 

where β is the full-width at the half maximum (FWHM) of the diffraction 

peak, θ is the Bragg angle, λ is the wavelength of X-ray used, D is the 

average crystallite size and ε is the effective lattice strain. 

The effective lattice strain calculated by using the above equation was 

plotted in ( Fig. II.3). The slope of the straight line of (β cos θ / λ) vs. (sin θ 

/ λ) represents the effective strain. The average crystallite size, lattice 
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parameters and strain values obtained from the XRD pattern and 

Williamson–Hall plots are given in  Table II.1. The negative value of 

strain implies a compressive strain in lattice [26, 30]. 

II.4.2 Optical transmission and optical band gap 

 

 Fig. II.4 shows the variation of transmittance with respect to the 

wavelength of SnO2 thin films deposited at various substrate temperatures. 

The average transmission in the visible region has been found to be 

ranging from 43.8% to 66% depending upon the substrate temperature. An 

increase in transmission is observed with increase in temperature. At lower 

temperatures, i.e. at 400 °C, relatively lower transmission is well remarked 

which is due to the formation of milky films and that is because of 

incomplete decomposition of the sprayed droplets. The relatively higher 

transmittance of about 75% at more than 800 nm for films prepared at 480 

°C has been observed. A drastic decrease in transparency is located 

between 300–360 nm revealing the region of the absorption edge in the 

layers due to the transition between the valence band and the conduction 

band (optical band gap: Eg); in this region, the transmission decreases 

because of the onset fundamental absorption. The band gap (Eg) values of 

pure SnO2 were deduced from the transmittance data according to Tauc’s 

relation [31] giving (αhν)2 versus incident photon energy, (hν), plots. The 

graphs are represented in ( Fig. II.5). The band gap energy values, as 

shown in  Table II.2, were found to be ranged in 4.03–4.133 eV for SnO2 

thin films with increasing the substrate temperature from 400 to 500 °C. 

These results are in good agreement with that obtained ones from bulk 

SnO2 [32, 33]. More investigations will be taken below using Urbach 

energy. 
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Fig. II.4.Spectral transmittance plots of undoped SnO2 thin films with different substrate 

temperatures. 

 

 

 

Fig. II.5.Band-gap (Eg) estimation from Tauc’s relation of undoped SnO2thin films with 

different substrate temperatures. 
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Table II.2: Optical gap (Eg), Urbach energy (Eu), refractive index(n), Permittivity (εL), number of 

free electrons N, and Plasma frequency ωp with different substrate temperatures. 

 

Tsub Thickness Eg Eu n εL nex10
+19

 ωp 

(°C) (nm) (eV) (meV)   cm
-3

 Hz 

400 446 4.0303 328.45 1.937 3.643 5.259 4.09 

420 600 4.1328 290.61 1.823 3.228 4.489 3.78 

440 716 4.0120 189.37 1.963 3.745 5.460 4.17 

460 788 4.1327 192.66 1.903 3.521 5.011 3.99 

480 696 4.1328 203.68 1.755 2.994 4.221 3.66 

500 707 4.0716 182.01 1.905 3.526 5.025 4.00 

 

 

At lower values of the absorption coefficient a (i.e. near the band edge), 

the extent of the exponential tail of the absorption edge is characterized by 

the Urbach energy (Eu) indicating the width of band tails of the localized 

states within the optical band gap and is given by [34]: 

 

       (
  

  
)             (II.6) 

 

where α0 and Eu are respectively a constant and width of the band tail of 

localized states at the optical band gap. Eu is also known as band tail width 

and is due to the disorder in the thin film material. The variation of bond 

length and bond angle from their standard value in the crystalline material 

is called disorder[35]. The Urbach energy of prepared SnO2 thin films 
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Fig. II.6. Urbach energy (Eu) estimation of undoped SnO2thin films with different 

substrate temperatures. 

 

 

 

Fig. II.7.Variation of Band-gap (Eg) and Urbach energy (Eu) for undoped SnO2thin films 

as functions substrate temperatures. 
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depends on the structural defects, dislocations density and some defects of 

the vacancy and interstitial states in the films [36]. It can be determined 

from the reciprocal gradient of the linear portion of ln(α) versus (hν) plots.  

Fig. II.6 shows the Urbach energy plot of SnO2 thin films with substrate 

temperature. From  Table II.2 one can that Eu decreases from 328 to 182 

meV. This decrease in Urbach energy with increasing substrate 

temperature is due to the disappearance of localized states[37]and 

highlighting the correlation of Eu with a decrement in energy band gap (see  

Fig. II.7). It also correlates with the improvement in crystallinity of films 

observed from XRD results. 

Lattice dielectric constant (εL=n
2
) can be evaluated from the mathematical 

equation which is associated with the refractive index (n) and wavelength 

(λ) and it is given by the following equation[38]: 

 

        (
    

         
)                     (II.7) 

 

where εL is the lattice dielectric constant, e is the electronic charge, c is the 

velocity of light, ne the free carrier concentration, m* the effective mass of 

the charge carriers and ε0 is free space dielectric constant (8.854x10
-12

 

F/m) [39, 40]. The nature of the dispersion of εL = n
2
 as a function of 

wavelength (λ
2
) for different substrate temperatures is shown in ( Fig. 8). 

The values extracted from the intercept and slope gives the amount of εL 

and ne respectively and they are shown in  Table II.2. With increasing 

substrate temperature it was found that both εL and ne exhibit a little 

fluctuation, as shown in the insert of  Fig. II.8. ne fluctuated around 5.10
+19

 

cm
-3

, which may be due to the interaction between the free carrier and low 
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lattice phonon. It is worth noting that ne estimated from the above law 

leads to predict that, in SnO2 material, the effective density of conduction 

band states is about 5.10
+19

 cm
-3 

as a minimum limit. 

 

Plasma frequency (ωp) is the characteristic frequency at which the material 

response changes from metallic to dielectric behavior. It is given by the 

relation: 

 

  
  

    

    
                                (II.8) 

 

 

 

 

Fig. II.8.Plots of n
2 
versus (λ2

) of undoped SnO2 thin films for different substrate 

temperatures. Insert represent the variation of the lattice dielectric constant εL as 

functions substrate temperatures. 
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The plasma resonance frequency (ωp) of all electrons involved in the 

optical transitions was calculated using the above relation and the values 

are reported in  Table II.2. Plasma frequency (ωp), which was estimated 

from the above law was about 4.10
14

 Hz of the elaborated SnO2 thin films. 

II.4.3 Electrical conductivity 

 

 Fig. II.9 shows the plot of films resistivity (ρ) and crystallite size D as a 

function of substrate temperature. As can be seen from 420 °C slight 

increase in resistivity then decreases to reach 9.19x10
-3

Ω.cm, for the 

sample deposited at 480 °C, which is comparable to the reported one[40] 

and increases again (see  Table II.3). Initially, with an increase in 

temperature up to 480 °C, the thickness increases (see  Table II.2) leading 

to decreases in resistivity. Furthermore, 480 °C the resistivity increases 

again even thought the thickness remains constant which means that the 

resistivity and the thin films thickness are not inverted whereas the 

crystallite size D increases from 6 to 29.8 nm with increasing temperature 

in the considered average. 
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Fig. II.9. Plots of resistivity and crystallite size of undoped SnO2thin films with different 

substrate temperatures. 

 

Table II.3: Sheet resistance (Rsh) and Resistivity (ρ) with different substrate 

temperatures. 

 

 

 

 

 

 

 

 

 

 

Substrate temp 

(°C) 

Sheet resistance 

Rsh(Ω) 

Resistivity 

ρ (Ω*cm)10
-3 

  

400 397.76 17.75 

420 376.72 22.62 

440 154.96 11.10 

460 150.96 11.89 
 

480 132.05 9.19  

500 347.31 24.55  
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Under the optics of crystallite size D of the films at the average 

temperature lower than 420 °C; hence D (6–8 nm) is not higher than the 

mean free path l of the electron in SnO2 materials (l = 4 nm) as given by 

Prins et al.[41] one can consider that the porters diffusion is limited by 

grain size leading to the high resistivity of the films. Whereas the films 

prepared at 440–480 °C had low Rsh leading to low resistivity owing to 

their considerable crystallite size (D = 13.27–20.27 nm) which is higher 

than the mean free path l of the electron in SnO2 materials, the porters 

diffusion is not limited by grain size yielding to low resistivity. Beyond 

480°C it was mentioned that the growth of the films has (110) surface as 

preferred one leading to out-diffused oxygen. This out-diffusion of oxygen 

(oxygen vacancies) leads to an increase in surface defect concentration[42] 

(i.e. a decrease in surface conductivity); as consequence an increase in 

resistivity (sheet resistance) was expected which was observed in the case 

of the sample elaborated at 500 °C even thought the increase in grain size 

(D = 29.8 nm) . 

 

II.5.Conclusions 

 

In this work, we have reported the preparation and characterization of the 

SnO2 thin films ultrasonically sprayed onto heated microscopic glass 

substrates. The thin films were deposited on glass at large scale of 

temperature ranged in 400–500 °C and stepped by 20 °C. The effect of 

substrate temperature on structural, electrical and optical properties was 

studied using X-ray diffraction (XRD), UV–visible spectrophotometer and 

a conventional four-point probe technique. XRD showed that all the films 

were polycrystalline with major reflex along (110) plane and minimum 
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surface energy, manifested with amelioration of grain size from 6.51 to 

29.80 nm upon increasing substrate temperature. Lattice constant ‘a’, ‘c’, 

microstrains and dislocation densities were affected by the substrate 

temperature. The transmittance of about 75% at more than 800 nm for 

films prepared at 480 °C has been observed. With increasing the substrate 

temperature the direct band gap energy was averaged in 4.03–4.133 eV. 

Plasma frequency (ωp) of the elaborated thin films revealing the change 

from metallic to dielectric response was estimated to be 4.10
14

 Hz whereas 

the optically deduced number of free electrons ne leads to predict that, in 

SnO2 material, the effective density of conduction band states was round 

5.10
+19

 cm
-3

. Among all the samples the film that deposited at 480 °C 

exhibited the lowest resistivity of about 9.19x10
-3

Ω.cm. 
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III.1. Introduction 

Tin oxide (SnO2) is a semiconductor with a wide bandgap (Eg ≥3.1 eV) at 

room temperature with tetragonal structure[1]. SnO2 is widely used in 

optoelectronic applications, heat mirror coatings. In thin films structure, tin 

oxide has unique characteristics such as high transmittance in visible 

wavelength region low resistivity, low cost, and high chemical and thermal 

stabilities compared to other transparent conductive oxides (TCOs). It also 

employed in photocatalysis, gas sensors, organic light emitting diodes and 

solar energy collectors [2-7]. There are several methods for preparing 

SnO2thin films [8-17]. Among these methods, ultrasonically deposition has 

the advantages of producing high purity crystalline products and durable 

films in a single step. Various parameters such as substrate temperature 

deposition [18]and partial pressure or positive presence of oxygen have a 

significant influence on characteristics of SnO2 films [19]. For instance, 

free carrier concentrations as high as 3x10
20

cm
-3

 are obtained by vacancy 

doping which was done by properly adjusting oxygen partial pressure, tin 

partial pressure, and subsequent annealing conditions. Among these 

parameters, precursor concentration has a major role in improving films 

homogeneity and crystallinity. To the best of our knowledge, little 

attention has been paid to the effect of tin concentration, in the precursor, 

on SnO2 thin films characteristics, deposited by spray ultrasonic. Hence 

kinetic reactions between oxygen and tin occurred at high temperature 

[20], and leads to SnO2, the arrival of such elements on the substrate has 

its effect namely when its concentration was varied. Effect of tin amount 

concentration, in the precursor solution, on physical properties of SnO2 

thin films is few reported. At my best acknowledgment Muruganantham et 

al.[21] studies the use of high concentration.  
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The aim of this work is to investigate the effect of tin amount 

concentration in precursor solution on the structural, optical and electrical 

properties of SnO2 thin films deposited, by spray ultrasonic, on maintained 

480°C heated glass substrates. X-ray diffraction (XRD), UV-visible 

spectrophotometer and conventional four-point probe techniques are used 

to study the effect of tin concentration, in the starting solution, on 

SnO2thin films properties. 

 

III.2. Experimental details 

 

III.2.1 Preparation of solution and SnO2 thin films  

 

To elaborate undoped SnO2 thin films, solutions at different molarities 

concentration were prepared by dissolving pure stannous chloride (SnCl2 

2H2O) in a mixture of double distilled water and methanol (volume 

ratio1:1) with adding few drops of (HCl). Tin concentration of the 

precursor solution is varied as (0.05, 0.075, 0.1, 0.125, 0.15 and 0.2 M) in 

solutions and named in the following C1, C2, C3, C4, C5 and C6 

respectively. SnO2 thin films were deposited on 480 °C heated glass 

substrate [18] by chemical spray ultrasonic technique. The solutions were 

stirred at room temperature (rt) for half an hour to yield a clear and 

transparency mother precursor. The blend so obtained was used as a stock 

solution for spray ultrasonic. An R217102 microscopic glass slide was 

used as substrates. The substrates were cleaned with alcohol in an 

ultrasonic bath and distilled water. The temperature of the substrates was 

monitored using a temperature controller with chromel-alumel and K type 

thermocouple. The time deposition was 3 min for each experiment. After 
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deposition, the films were allowed to cool down naturally to room 

temperature. 

 

III.2.2 thin films characterizations 

 

The microstructure of the SnO2 films was examined by X-ray diffraction 

measurements (XPERT-PROX-ray Diffractometer system with a 30 kV, 30 

mA, Cu Kα radiation with a wavelength of 1.5406Å as operating 

conditions). The grain size of the films was estimated using X’Pert 

HighScore. The optical transmission spectra of SnO2and band gap were 

obtained using a UV-visible spectrophotometer (Shimadzu, Model 1800). 

On 1x1 cm
2 

sample sheet, four-point probe and Hall Effect was done to 

evaluate electrical sheet resistance carrier concentration and mobility of 

obtained thin films. All measurements were carried out at room 

temperature (rt). 

III.3. Results and discussion 

 

III.3.1 X-ray diffraction studies 

 

The XRD patterns of SnO2 thin films deposited with a various tin 

concentration in precursor solution are shown in (Fig.III.1). As it can be 

seen diffraction peaks were observed at around 2θ = 26.631°, 33.939°, 

38.041°, 51.741°, 54.550°,61.791°, 65.931° and 78.600° which are related 

to the following plans (110), (101), (200), (211), (220), (310), (301) and 

(321) matching well with the space group P42mnm according to JCPDS 

(No. 41-1445) of the tetragonal, rutile SnO2; whereas the other peaks 

observed at 2θ =29.53°and 2θ =31.82° are associated to (101) and (111) 
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planes of SnO and cubic crystal system of SnO2 according to JCPDS (No. 

06-0395) and (No. 50-1429) [22, 23] respectively. The obtained XRD 

spectra are an evident indication of the polycrystalline nature of all 

elaborated thin films. It is worth noting that apparition of SnO2 cubic phase 

is more attended in the case of samples elaborated with concentration C4 

than others. This has happened, of course, with complete absence growth 

along (110) of rutile SnO2as in Fig.III.1. Based on the unit volume and its 

compacity (5.63% for SnO2 and 6.95% for SnO) Apparition of SnO phase 

is more provoked with higher concentrations (C5 and C6). Emerged peaks 

(200)/(111) with overlap intensities are remarked in the case of 

concentrations (C2, C4, and C6) with complete absence growth along (110) 

of rutile SnO2 even thought growth along this direction needs minimum 

energy. This may be explained by the arrival of more Sn entities than 

oxygen ones on the substrate during the tin oxide formation which leads to 

SnO matter instead of SnO2. 

 

Fig. III.1.XDR patterns of undoped SnO2 thin films with different tin precursor 

concentration in solution. 
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For more details, about the preferred growth, different texture coefficient 

TC(hkl) have been calculated from the X-ray data. The texture coefficient 

TC(hkl) represents the texture of the particular plane, deviation of which 

from unity implies the preferred growth. TC(hkl) coefficients have been 

evaluated using the well-known formula[24]: 

 

  (   )  
 (   )   (   )⁄

   ∑  (   ) 
   (   )⁄

          (III.1) 

 

where I(hkl) is the measured relative intensity of a plane (hkl), Io(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 thin films for (110), (101), (200), (211), (310) and (301) with varying 

concentration of tin in precursor are shown in (Fig.III.2). Peaks intensities 

were less than unity confirming the polycrystalline nature of the films. 

However, the films deposited using C4 presented a preferred oriented 

growth along (200) plane direction. It is worth noting that a dominance in 

TC(hkl) are remarked: TC(211) with two concentrations C2 and C5, 

TC(200) with two concentrations C1 and C4 whereas TC(110) is dominant 

only for C3 as previously carried out [18] and finally TC(101) for C6 as 

seen in Fig.III.2. 
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Fig.III.2. Variation of TC(hkl) of SnO2 thin films with different tin precursor 

concentration in solution. 

 

The lattice constant ‘a’ and ‘c’, for the tetragonal phase structure is 

determined by the relation [25]: 

 

        ( )       and   
 

    
  

     

  
 
  

  
        (III.2) 

 

where ‘d’ is the interplaner distance and (hkl) are Miller indices, 

respectively. The lattice constants ‘a’ and ‘c’ are calculated and given in 

Table III.1 and plotted in (Fig.III.3). 
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Fig. 3. Variation of lattice parameters of SnO2 thin films with different tin precursor 

concentration in solution. 

 

As can be seen a periodic expansion of the lattice parameters reaching its 

maximum with concentration C3 and C5 which means dilatation of the unit 

cell of SnO2 matrix. The sample prepared with C4and C6 exhibits 

contraction of the unit cell of SnO2 matrix. This behavior is related to the 

kinetic formation of SnO2 product and to crystallite size as it will be seen 

in the bellowing paragraph. 

The average crystallite size (D) of SnO2 nanoparticles with varying 

concentrations of tin, in the precursor (C1, C2, C3, C4, C5, and C6), were 

calculated from XRD data using the Scherer formula[26]: 

 

  
    

    ( )
                  (III.3) 



Chapter III                                            Effect of tin precursor concentration 
 

60 
 

where λ is the wavelength of X-ray radiation, β is the full width at half 

maximum (FWHM) of the peak at diffraction angle θ [27] and the average 

crystallite sizes are calculated and given in Table III.1 and (Fig.III.4). 

Crystallite size (D), in general, decreases gradually as the concentration of 

tin in solution increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter III                                            Effect of tin precursor concentration 
 

61 
 

 Table III.1: unit cell parameters of SnO2 thin films 

Sample hkl 2θ (°) Lattice 

Parameters 

(nm) 

Mean grain 

size (nm) 

Average 

grain size 

(nm) 

 110 26.626  21.253  

 101 34.008 a = 0.47329 26.742  

C1=0.050 211 51.783 b = 0.47329 28.795 22.92252 

 310 61.945 c = 0.31724 17.872  

 301 65.874  19.951  

 110 26.622  22.039  

 101 33.937 a = 0.47336 17.105  

C2=0.075 211 51.727 b = 0.47336 24.802 20.08988 

 310 61.871 c = 0.31815 22.395  

 301 65.750  14.109  

 110 26.624  27.649  

 101 33.908 a = 0.47332 26.951  

C3=0.100 211 51.756 b = 0.47332 29.933 26.45637 

 310 61.921 c = 0.31855 24.065  

 301 65.874  23.684  

 110 26.662  17.124  

 101 34.010 a = 0.47266 11.789  

C4=0.125 211 51.745 b = 0.47266 29.472 17.03655 

 310 61.893 c = 0.31740 12.905  

 301 65.773  13.892  

 110 26.617  19.195  

 101 33.908 a = 0.47344 17.009  

C5=0.150 211 51.750 b = 0.47344 23.153 18.93124 

 310 61.865 c = 0.31851 19.411  

 301 65.824  15.888  

 110 26.695  22.685  

 101 33.979 a = 0.47208 13.067  

C6=0.200 211 51.731 b = 0.47208 27.748 17.61595 

 310 61.910 c = 0.31798 11.343  

 301 65.748  13.237  
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Fig.III.4. Variation of crystallite size of SnO2 thin films with different tin precursor 

concentration in the solution. 

 

 

III.3.2 Optical transmission and optical band gap 

 

In order to have ideas and comparing the transparency of SnO2 thin films 

with various concentration of tin in solution, optical spectra of the samples 

were measured in the UV-visible region (200-900 nm). The optical 

transparency T(λ) of all elaborated SnO2thin films are shown in Fig.III.5.  
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Fig.III.5.Spectral transmittance plots of undoped SnO2 thin films with different tin 

precursor concentration. 

 

The average transmission at a wavelength of 550 has been found to be 

ranged in 67-91.3%.As can be seen from Fig.III.5, that T(λ), in general, 

decreases gradually as the concentration of tin in solution increases, which 

may be attributed to the decrease in the grain size. Roman et al. [28] 

observed similar grain size dependent optical transmittance results for the 

sprayed SnO2 films. It is also observed that the optical absorption edge 

exhibit slight red shift when the concentration of tin in solution increases, 

indicating a gradual decrease in the optical band gap (Eg) [28]. To evaluate 

those observations the band gap of undoped SnO2 is carried out from the 

transmittance data according to Tauc relation [29]with little modification, 

to avoid thickness films measurements, as follow: (hν ln(1/T))2 versus 

incident photon energy (hν) is used instead of (αhν)2and plots of which 

were obtained. The graphs and their extrapolating (hν ln(1/T))2 to hν axes 
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are represented in (Fig.III.6). The band gap energy values of all SnO2 thin 

films samples are ranged in 3.65-3.97eV revealing a decrease with 

increasing the concentration of tin in solution from C1 to C6. Eg values are 

summarized in Table III.2 and shown as features in Fig III.7. These results 

are in good agreement with those obtained for normal bulk SnO2 [30, 31]. 

More investigations will be taken below using Urbach energy. 

 

 

 

Fig.III.6.Band-gap (Eg) estimation from Tauc’s relation of undoped SnO2 thin films with 

different tin precursor concentration. 

 

At lower values of the absorption coefficient a (i.e. near the band edge), 

the extent of the exponential tail of the absorption edge is characterized by 

the Urbach energy (Eu) indicating the width of band tails of the localized 

states within the optical band gap and is given by [32]: 

 

       (
  

  
)               (III.4) 
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where α0 and Eu are respectively a constant and width of the band tail of 

localized states at the optical band gap. Eu is also known as band tail width 

and is due to the disorder in the thin film material. The variation of bond 

length and bond angle from their standard value in the crystalline material 

is called disorder [33]. The Urbach energy of prepared SnO2 thin films 

depends on the structural defects, dislocations density and some defects of 

the vacancy and interstitial states in the films [34]. It can be determined 

from the reciprocal gradient of the linear portion of ln(α) versus (hν) plots. 

Urbach energy values of SnO2 thin films with different tin precursor 

concentration are shown and summarized in Fig III.7 and Table III.2 

respectively. It is obviously seen that Eu fluctuates between 522 and 682 

meV in the considered range of tin concentration in the solution and in 

respect to their inverted pheromone. 

 

 

Fig. III.7. Variation of Band-gap (Eg) and Urbach energy (Eu) for undoped SnO2 thin 

films different tin precursor concentration. 

 



Chapter III                                            Effect of tin precursor concentration 
 

66 
 

Table III.2: Optical properties of SnO2 thin films 

 

 

III.3.3 Electrical properties  

 

For all undoped SnO2 thin films, the four-point probe is preferred for 

measurement of sheet resistance (Rsh); in the linear four-point probe 

technique, the current (I) is applied between the outer two probes and the 

potential difference (V) is taken across the inner two others. Since 

negligible contact and spreading resistance are associated with the voltage 

probes, one can obtain a fairly accurate estimation of Rsh using the 

following relation given by Smits [35]: 

 

         (
 

 
)           (III.5) 

 

In the above-illustrated configuration, a correction factor of 4.532 was 

applied to the sample (1×1 cm
2
) with equally 1mm spaced probes and the 

film thickness necessarily being less than the spacing between the probes. 

Fig. III.8 exhibits resistance sheet (Rsh) plot versus concentration of tin in 

solution. As can be seen, a part the sample prepared with C1, Rsh reveals 

Concentration 

(M) 

Urbach energy  

Eu(meV) 

Optical gap 

Eg (eV)
 

C1=0.050 522 3.970 

C2=0.075 602 3.810 

C3=0.100 572 3.870 

C4=0.125 682 3.650 

C5=0.150 600 3.814 

C6=0.200 658 3.698 
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slight variation with concentrations, it increases from 156 Ω/cm
2
 for C2 to 

reach 372 Ω/cm
2
 for C4 then decreases to 142 Ω/cm

2
 as the minimum 

value. 

 

 

 

Fig.III.8. Variation of sheet resistance (Rsh) of SnO2 thin films with different tin 

precursor concentration. 

 

Such results are agreed with those obtained in the literature [36, 37]. Rsh in 

the case of the sample prepared with C1 which is higher than others may 

find its origin in the insulating proper character of material since his Eg 

value is more than 3.97eV. Also one can observe easily from Fig. III.9 that 

the free carrier concentration (ne) in the case of C1 having a minimum 

value (ne = 4.17. 10
14

cm
-3

) and it starts to increase with concentration until 

C4 where its value reaches 2.56.10
19

cm
-3

 as maximum value; This behavior 

may be due to the presence of high amount of oxygen vacancies as donors 

[38] caused by the execs of Sn causing oxygen vacancies in the SnO2 
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lattice (oxygen atmosphere become unable to ensure stoichiometric 

structure of SnO2 with the provided Sn from precursor) [20]. As seen from 

Fig. 9, at the  

 

Fig. III.9.Variation of Mobility and carrier concentration of undoped SnO2 thin films 

with different tin precursor concentration. 

the condition of samples prepared with C5 and C6 a drastic decrease in the 

free carrier concentration (ne = 1.37. 10
14

cm
-3

 for C6 =0.2M in the 

solution) which may be originated from acceptor character of Sn 

interstitial (Snin) in the lattice [38]. Snin may even occupy oxygen 

vacancies reducing the free carrier concentration. For all concentration the 

mobility is directly inverted to the free carrier concentration as it was 

shown in the same figure, the values of mobility are more than those found 

in the literature. Others parameters such as carrier concentration, 

conductivity, and mobility are recapitulated in Table III.3. As results and 

from point of view looking for high free carrier concentration of undoped 

SnO2, preparing with 0.15M of SnCl2 will be the preferred concentration in 

the precursor for this technique. 
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Table III.3: Electrical properties of SnO2 thin films 

 

Sample Rsh 

(kΩ/sq) 

σ 

(Ωcm)
- 

μ 

(cm
2
/vs) 

ne 

 (cm
-3

) 

C1 130 0.1 1500 4.17x10
14

 

C2 0.156 150 250 3.76x10
18

 

C3 0.253 105 1420 4.62x10
17

 

C4 0.372 270 65.6 2.56x10
19

 

C5 0.142 583 995 3.65x10
18

 

C6 0.242 35 1600 1.37x10
14

 

 

 

III.4. Conclusions 

 

In this chapter, we have reported the effect of varying concentration of tin 

in precursor solution on physical properties of SnO2 thin films deposited 

on 480°C heated glass substrates using spray ultrasonic technique. 

Structural characterizations of undoped SnO2 thin films via XRD have 

shown a polycrystalline structure with a clear characteristic peak of SnO2 

cassiterite under tetragonal rutile, cubic phases, and SnO phase. A 

dominance in TC(hkl) with concentrations are remarked: TC(211)in the 

case of C2 and C5, and TC(200) with two concentrationsC3 and C4. 

Crystallite size (D), in general, decreases gradually from 26 to 17nm as the 

concentration of tin in solution increases from 0.125 (C4) to 0.2M (C6 ). 

The average transmission T(λ) at a wavelength of 550 is ranged in 67-

91.3%, and it decreases gradually with increasing tin concentration in 

solution. The optical absorption edge exhibits slight red shift when the 
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concentration of tin in solution increases, indicating a gradual decrease in 

the optical band gap (Eg) from 3.970 to 3.698 eV.  

For all concentration, the mobility is directly inverted to the free carrier 

concentration (ne) and has values greater than ones in literature. The two 

feeble free carrier concentration (ne) in the case of C1 and C6 having its 

origin from the insulator character of the matter in the first case and may 

be originated from acceptor character of Sn interstitial in the second one. 

But in the case of concentration (C4=0.125M), maximum free carrier 

concentration (2.56.10
19

cm
-3

) was provided which may be due to the 

presence of high amount of oxygen vacancies. For high free carrier 

concentration of undoped SnO2, elaborating with 0.15M of SnCl2 will be 

the preferred concentration in the precursor for this technique. 
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IV.1. Introduction 

 

The simultaneous occurrence of high optical transparency in the visible 

region and high electrical conductivity is not possible in an intrinsic 

stoichiometric material. The only way to obtain good transparent 

conductors is to create electron degeneracy in a wide band gap oxide 

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

appropriate dopants [1]. SnO2 has a tetragonal structure, similar to the 

rutile structure with the wide energy gap of Eg =3.67eV, and behaves as an 

n-type semiconductor [2, 3]. These conditions are very conveniently 

obtained in SnO2 thin films, prepared by a number of deposition 

techniques. Numerous techniques for depositing X-doped tin oxide (XTO) 

have been employed [4-12]. Among those techniques, ultrasonically spray 

pyrolysis is well suited for the preparation of undoped tin oxide thin films 

because of its simple and inexpensive experimental arrangement [13]. 

Organic solvents like methanol and ethanol are typically used in this 

technique to elaborate transparent conducting oxides (TCO). Further, it has 

been observed that the optical transmission of SnO2 films could be 

increased by the addition of few drops of hydrochloric acid to the spray 

solution [14]. 

In order to check whether the growth mechanism through the solvent 

(water/ methanol) composition can be controlled or not, undoped tin oxide 

(SnO2) thin films are deposited using different solvent (water/methanol) 

ratios in the present investigation which constitutes the subject of this 

chapter. The concentration of [SnCl2] is kept fixed and by changing the 

volumetric proportions of water to methanol in the spraying solution, the 
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solvent ratio is changed. Dependence of thin films properties on solvent 

composition will be the aim of this fourth chapter.  

 

IV.2. Experimental details 

IV.2.1 Preparation of solution and SnO2 thin films  

 

Undoped SnO2 thin films were ultrasonically deposited using a starting 

amount of 0.15M tin chloride (SnCl2·2H2O), dissolved in mixtures of 

water and methanol having a volume of 25ml. The water content to 

methanol was varied in seven different volumetric proportions as 0:25, 

5:20, 10:15, 12.5:12.5, 15:10, 20:5 and 25:0 and the deposits obtained are 

designated respectively as 0W25M, 5W20M, 10W15M, 12.5W12.5M, 

15W10M, 20W5M, and 25W0M for a total solution volume of 25 ml of 

water-methanol. The heated of the glass substrate on which SnO2 thin 

films were deposited is maintained constant at 480 °C [15]. For each 

experiment, the solution was stirred at room temperature (rt) for half an 

hour to yield a clear and transparency mother precursor. The blend so 

obtained was used as a stock solution for spray ultrasonic. As used for the 

all work, An R217102 microscopic glass slides serve as substrates. The 

later were cleaned with alcohol in an ultrasonic bath and distilled water. 

The temperature of the substrates was monitored using a temperature 

controller with chromel-alumel and K type thermocouple. The time 

deposition was 3 min for each experiment. After deposition, the films were 

allowed to cool down naturally to room temperature. 
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IV.2.2 thin films characterizations 

 

The microstructure of the SnO2 films was examined by X-ray diffraction 

measurements (XPERT-PRO X-ray Diffractometer system with a 30 kV, 30 

mA, Cu Kα radiation with a wavelength of 1.5406Å as operating 

conditions). The grain size of the films was estimated using X’Pert High 

Score. The optical transmission spectra of SnO2 and band gap were 

obtained using a UV-visible spectrophotometer (Shimadzu, Model 1800). 

As usually used in this work, an 1x1 cm
2 

samples of the films on which 

sheet four-point probe and Hall Effect were done to evaluate electrical 

sheet resistance, carrier concentration, and mobility. All measurements 

were carried out at room temperature (rt). 

 

IV.3. Results and discussion 

IV.3.1 X-ray diffraction studies 

 

The XRD patterns of SnO2 thin films deposited with various solvent 

(water/methanol) ratios in the starting solution are shown in (Fig.IV.1). As 

can be seen, diffraction peaks were observed at around 2θ = 26.73°, 

34.07°, 38.01°, 51.83°, 54.81°, 61.94°and 65.89° which are related to the 

following plans (110), (101), (200), (211), (220), (310)and (301) matching 

well with the space group P42mnm according to JCPDS (No. 41-1445) of 

the tetragonal, rutile SnO2; whereas the other peaks observed at 2θ =29.53° 

are associated with (101) planes of SnO according to JCPDS (No. 06-

0395) [16]. The obtained XRD spectra are an evident indication of the 

polycrystalline nature of all elaborated thin films. Exclusively it was 

remarked that beyond 15W10M as a solvent ratio (water/methanol) in the 
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starting solution, the appearance of diffraction peaks according to JCPDS 

(No. 41-1445) of the tetragonal SnO2; with complete growth along (110) 

of rutile SnO2 which needs minimum energy.  

 

 

 

Fig. IV.1.XDR patterns of undoped SnO2thin films with various solvent (water/methanol) 

ratios in the starting solution. 

 

For more details, about the preferred growth, different texture coefficient 

TC(hkl) have been calculated from the X-ray data. The texture coefficient 

TC(hkl) represents the texture of the particular plane, deviation of which 

from unity implies the preferred growth. TC(hkl) coefficients have been 

evaluated using the well-known formula [17]: 

 

  (   )  
 (   )   (   )⁄

   ∑  (   ) 
   (   )⁄

                  (IV.1) 
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where I(hkl) is the measured relative intensity of a plane (hkl), Io(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.   (   )) 

values of all thin films for (110), (101), (200), (211), (310) and (301) with 

varying solvent ratios (water/methanol) in the starting solution are shown 

in Fig.IV.2. Peaks intensities were less than unity confirming the 

polycrystalline nature of the films. However, the films deposited using 

presented a preferred oriented growth along (110) plane direction. It is 

worth noting that a dominance in TC(hkl) is remarked: TC(200) with two 

ratios 0W25M and 15W20M, whereas TC(211) is dominant only for 

10W15M and finely TC(110) for 0W25M as seen in Fig.IV.2. 

 

 

Fig. IV.2. Variation of TC (hkl) in SnO2 thin films with various solvent (water/methanol) 

ratios in the starting solution. 
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The lattice constants ‘a’ and ‘c’, for the tetragonal phase structure is 

determined by the following relation [18]: 

 

        ( )    and 
 

    
  

     

  
 
  

  
(IV.2) 

 

where ‘d’ is the interplaner distance and (hkl) are Miller indices, 

respectively. The calculated lattice constants ‘a’ and ‘c’ are plotted in 

Fig.IV.3. 

 

 

Fig. IV.3. Variation of lattice parameters in SnO2 thin films with various solvent 

(water/methanol) ratios in the starting solution. 

 

As can be seen a periodic expansion of the lattice parameters reaching its 

maximum with solution ratios of 10W15M and 15W10M which means 

dilatation of the unit cell of SnO2 matrix. Whereas samples prepared with 
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12.5W12.5M and 20W5M exhibit contraction of the unit cell of SnO2 

matrix. This behavior may be related to the kinetic formation of SnO2 

product under different conditions of the methanol presence with water 

which leads to crystallite size variation as it will be seen in the following 

paragraph. 

The average crystallite size (D) of SnO2 nanoparticles of the films, upon 

the starting solution with all the different ratios (water/methanol), were 

calculated from XRD data using the Scherer formula [19]: 

 

  
    

    ( )
                                     (IV.3) 

 

where λ is the wavelength of X-ray radiation, β is the full width at half 

maximum (FWHM) of the peak at diffraction angle θ [20] and the 

calculated averages of crystallite sizes are plotted in Fig.IV.4. Crystallite 

size (D), in general, decreases gradually as the ratios (water/methanol) in 

respect of increasing water amount in the starting solution. 
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Fig. IV.4. Variation of crystallite size in SnO2 thin films with various solvent 

(water/methanol) ratios in the starting solution. 

 

IV.3.2 Optical transmission and optical band gap 

Fig.IV.5 shows the optical transmittance spectrum, in the considered 

wavelength range, of the undoped SnO2 thin film deposited using starting 

solutions ratios in the range (0W25M, 5W20M, 10W15M, 12.5W12.5M, 

15W20M, 20W5M, and 25W0M). 
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Fig.IV.5. Spectral transmittance plots of undoped SnO2 thin films with various solvent 

(water/methanol) ratios in the starting solution. 

. 

All undoped SnO2 thin films were transparent in the visible range; 

transmittance values are lied between 51.64 and 80.12% at the middle of 

the visible range (550 nm). To evaluate those observations the band gap Eg 

of undoped SnO2 is carried out from the transmittance data according to 

Tauc relation [21] with little modification, to avoid thickness films 

measurements, as follow: (ln(1/T)hν)2 versus incident photon energy (hν) 

is used instead of (αhν)2and plots of which were obtained. The graphs and 

their extrapolating (ln(1/T) hν)2 to hν axes are represented in Fig.IV.6. As 

can be seen, sample deposited from the starting solution with the highest 

Eg value, around 3.9 eV, in respect of zero water content (0W25M), it starts 

in decrease until the water content of 20W5M and then increases. 

 



Chapter IV                                                                            Effect of solvent 

 

86 
 

The slight red shift when an amount of water increases in the starting 

solution do not be explained in the optic of Roth trend hence there is no 

doping provided in the undoped SnO2 product. These results are in good 

agreement with those obtained for normal bulk SnO2 [2, 22]. More 

investigations will be taken below using Urbach energy. 

 

 

 

Fig.IV.6. Band-gap (Eg) estimation from Tauc’s relation of undoped SnO2 thin films with 

various solvent (water/methanol) ratios in the starting solution. 

 

At lower values of the absorption coefficient a (i.e. near the band edge), 

the extent of the exponential tail of the absorption edge is characterized by 

the Urbach energy (Eu) indicating the width of band tails of the localized 

states within the optical band gap and is given by [23]: 

       (
  

  
)                                        (IV.4) 
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where α0 and Eu are respectively a constant and width of the band tail of 

localized states at the optical band gap. Eu is also known as band tail width 

and is due to the disorder in the thin film material. The variation of bond 

length and bond angle from their standard value in the crystalline material 

is called disorder [24]. The Urbach energy of prepared SnO2 thin films 

depends on the structural defects, dislocations density and some defects of 

the vacancy and interstitial states in the films [25]. It can be determined 

from the reciprocal gradient of the linear portion of ln(α) versus (hν) plots. 

From the Urbach energy values of SnO2 thin films with different solvent 

ratio (water/methanol) in the starting solution illustrated in Table IV.1 

Table IV.1: Optical properties of SnO2 thin films 

 

 

 

 

 

 

 

 

 

 

 

 

One can see that Eu fluctuates between 651.82 and 672.85 meV indicating a 

considerable influence on Eg. 

 

 

Water to 

methanol 

(ratio) 

Urbach 

energyEu(me

V) 

Optical gap 

Eg(eV)
 

0W25M 651.82 3.971 

5W20M 656.21 3.903 

10W15M 660.82 3.834 

12.5W12.5M 659.20 3.858 

15W10M 653.22 3.949 

20W5M 672.85 3.665 

25W0M 662.88 3.804 
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IV.3.3Electrical properties  

The carrier concentration, mobility and electrical resistivity of undoped 

SnO2  thin films were measured using van der  Pauw method  (Hall 

measurements).The carrier concentration (ne) is derived from the relation 

[26]: 

   
 

   
                   (IV.5) 

where RH is the Hall coefficient and e is the absolute value of the electron 

charge. The Hall mobility of charge carriers is determined using the 

relation [26]: 

  
 

    
                                (IV.6) 

 where ρ is resistivity. The negative sign of Hall coefficient confirmed that 

the deposited films are n- type semiconductor.  

The carrier concentration, mobility and electrical resistivity of undoped 

SnO2  thin films were also summarized in Table IV.2.  

Table IV.2: Electrical properties of SnO2 thin films 

 

Water to methanol 

 

ρ 

(Ωcm)
 

μ 

(cm
2
/vs) 

ne 

(cm
-3

) 

0W25M --- --- --- 

5W20M 3.36 x10
-2

 45.8 4.00x10
18

 

10W15M 2.24 x10
-2

 25.3 1.00x10
19

 

12.5W12.5M 2.96 x10
-2

 6.25 3.35x10
19

 

15W10M 1.81 x10
-2

 156 2.20x10
18

 

20W5M 28.4 x10
-2

 1.35x10
-2

 1.60x10
21

 

25W0M 67.6x10
-2

 1.77x 10
3
 6.48x10

15
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It is seen that resistivity decreases with the increase in ratio water content 

(5W20M), it starts in decrease until the water content of 15W10M and then 

increases Fig.IV.7. 

 

Fig. IV.7. The carrier concentration, crystallinity and electrical resistivity of undoped 

SnO2 thin films with various solvent (water/methanol) ratios in the starting solution. 

 

The increase in resistivity with an increase in ratio water content is due to 

decrease in crystallinity of the samples. From the Hall effect 

measurements, it was observed that the undoped SnO2 films exhibited n-

type conductivity. The nature of the carrier concentration (ne) and carrier 

mobility (μ) of the as-deposited undoped SnO2 thin film as a function of 

the ratio of water is as shown in Fig.IV.9.  
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Fig.IV.9. The carrier concentration and carrier mobility of undoped SnO2 thin films with 

various solvent (water/methanol) ratios in the starting solution. 

 

The decrease in mobility with an increase in the ratio of water is due to 

increase in conductivity and carrier concentration. The mobility values for 

the films prepared with a ratio of solvent (water/methanol) are of the order 

between 1.35x10
-2

 and 1.77x 10
3
 cm

2
/V.s. A carrier density as high as 

1.60x10
21 cm

-3
 is observed for the S6=20W5M sample. The carrier density 

goes on decreasing with a decrease in conductivity as described above. 

The film degeneracy was confirmed by evaluating Fermi energy values 

and carrier concentration using the relation from the literature. It is found 

that the EF values are proportional to n
2/3

 that is the characteristic for the 

degeneracy of materials. Hence, it is established that the deposited films 

degenerate semiconductors [27]. As results, interesting in high free carrier 

concentration of undoped SnO2, preparing with 15W10M as ratio of water 
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to methanol will be the preferred concentration in the precursor for this 

technique. 

 

IV.4. Conclusions 

 

In this Chapter, we have reported the effect of varying ratio of water and 

methanol in starting solution on physical properties of SnO2 thin films 

deposited on 480°C heated glass substrates using spray ultrasonic 

technique Since the optimized temperature for ultrasonically deposited 

SnO2 thin films in this work was 480°C and as preferred concentration of 

SnCl2 in the precursor was 0.125M for this technique; Transparent 

conducting SnO2 thin films have been deposited on 480°C heated glass 

substrates by a spray pyrolysis technique using (SnCl2·2H2O) as precursors 

and mixture of water and methanol as solvent. At varying ratio of water 

and methanol (W/M) solvent in the spraying solution in the following 

range as (0W25M, 5W20M, 10W15M, 12.5W12.5M, 15W10M, 20W5M, 

and 25W0M) physical properties of SnO2 thin films were studied. For this 

purpose, X-ray diffraction (XRD), UV-visible spectrophotometer, 

conventional four-point probe techniques and Hall Effect are used. The as-

deposited films are polycrystalline SnO2 with a tetragonal crystal structure 

and are preferentially orientated along the (110) direction with high texture 

coefficient as 2.14. The crystallite size varies between 16.63 and 25.94 nm 

for the as-deposited sample within the ratio of water to methanol. The 

direct band gap energy was found to vary between 3.665 and 3.971eV 

whereas the transmittance at 550 nm varies from 51.64 to 80.12% within 

the water content in the starting solution (i e ratio of water to methanol). 

The electrical resistivity of deposited thin films decreases with the water 
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content, reaching a minimum value closely to 1.81x10
–2 

Ωcm, with the 

starting solution having a ratio of 15W10M (i. e 15 ml per 25 ml) of the 

solution; further increase in water content augments the corresponding 

resistivity of the deposited thin films. For high free carrier concentration of 

undoped SnO2, elaborating with 15W10M will be the preferred ratios in 

the precursor for this technique. 
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V.1. Introduction 

The main objective of this chapter was to obtain transparent conducting 

oxides using both Antimony (Sb) and fluorine (F) doped SnO2 thin films 

ultrasonically sprayed and to investigate their optical and electrical 

properties with different doping levels of Sb ([Sb]/[Sn] = 0-1 wt.%) and F 

([F]/[Sn] = 0-12 wt.%); those concentration levels are arbitrary chosen in 

this work in order to obtain high figure of merit which means better 

optoelectrical properties. For those two dopants (Sb) and (F) we will 

exhibit only the results under the above-cited objective. 

V.2. Antimony doping (Sb) 

V.2.1.Results and discussion 

V.2.1.a Optical properties 

Fig.V.1 shows the optical transmission T(λ) curves as a function of the 

wavelength of undoped and Sb-doped SnO2 thin films. 

 

Fig. V.1. Spectral transmittance plot of Sb (0-1 wt. %) doped SnO2 thin films 

ultrasonically sprayed [1]. 
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It was observed that the average transparency in the visible range is around 

80%. All films exhibit significant oscillations in the visible range; those 

oscillations, which are related to the interference phenomenon, are 

generated by the smooth of film and are affected by the thickness. Also 

one can see that the envelope of transmission T(λ) curves becomes 

contracted and exhibits a shift toward lower wavelength for the Sb doping 

level lower than 0.8 wt.% with minimum value of transmittance at this 

given doping level and then become large for 1 wt.% Sb doping level 

restoring its initials transmittance values. 

 

In heavily doped semiconductors, (having carrier concentration between 

10
+19

 and 10
+21

cm
-3

), which is the case of 0.8 wt.% doped film), the 

Drude’s model is generally used for the attribution of the decrease in the 

transmittance [2]. This model illustrates the drop in transmittance in the 

near infrared region which is associated with the plasma frequency of free 

electrons. This case is well meted in 0.8 wt.% Sb-doped film where the 

high carrier concentration is achieved and drop in transmittance in the near 

infrared region is well remarked. This suggests that the decrease in the 

transmittance of SnO2: Sb films, with an increase in doping concentration, 

may be due to the increased absorption by free electrons. The latter is 

generated by oxygen vacancies caused through the distortion of SnO2: Sb 

films, as reported in Table V.1.  
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Table.V.1: Structural and electrical properties of SnO2: Sb thin films. 

 

 

Hence the transmission spectra recorded for different Sb doping levels 

show a consistent decrease with increasing Sb doping concentration until 

0.8 wt.%. Further, the more decreasing absorption by free electrons is 

observed due to its concentration decrease. This behavior correlates well 

with electrical properties as it will be seen in the electrical results (see 

below). 

The optical gap (Eg) of the films can be obtained by plotting ((αhυ)
2
 vs. hυ) 

(α is the absorption coefficient and hυ is the photon energy) and 

extrapolating the straight-line portion of this plot to the energy axis. The 

obtained Eg values for the undoped and Sb-doped SnO2 films are 

recapitulated in  Table V.2.  

 Table V.2: Optical and electrical properties of SnO2: Sb thin films. 

 

With increasing Sb concentration, from 0 to 0.8 wt.%, the absorption edge 

of the films shifts to a shorter wavelength, which is due to Moss–Burstein 
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effect [3]. The direct optical band gap (Eg) has increased from 3.651 to 

3.929 eV. As Sb concentration increases further, the absorption edge shifts 

slightly to the longer wavelength and Eg has decreased from 3.929 eV to 

3.869 eV. 

 

V.2.1.b Electrical properties 

Fig.V.2 shows the resistance sheet (Rsh) and carrier concentration n as a 

function of Sb concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. V.2. Variation of distortion, carrier concentration (n), and sheet resistance Rsh of 

ultrasonic sprayed SnO2: Sb thin films with different Sb concentration [1]. 

 

All Sb-doped SnO2 thin films were conducting at 300 K with resistivity 

values much less than of undoped SnO2 one (see Table V.2) and Rsh of the 

undoped SnO2 is relatively high compared to the doped ones. For the 0-1% 

doped films, the sheet resistance decreases at first from 138 to 31.07 Ω/□ 

until 0.8 wt. % Sb doping level and then increases to reach 56.09 Ω/□ for 

the 1 wt.% Sb doping level. It is worth noting that from the Hall effect 
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measurement, carrier concentration (n) increases at first from 1.8 10
+19

 to 

11.8 10
+19

 cm
-3

, then decreases to 3.92 10
+19

cm
-3

. 

Those behaviors can be explained as fellow: Antimony can play two roles 

due to its two oxidation states namely Sb
3+

 (0.93 Å) and Sb
5+

 (0.62 Å). At 

doping level lower than or equal to 0.8 wt.%; since the Sn
4+

 ionic radius is 

lower than Sb
3+

 one but higher than of Sb
5+

one; substitutions of Sn
4+

 by 

Sb
3+

resulting in increasing in the lattice parameters of SnO2 which may 

considered as the predominante phenomenon. The amount of Sb
3
 

substitutional (Sbsub) can play other role, as accepter, in electrical 

properties of SnO2 thin films but its existence, in SnO2 matrices, can 

generate more oxygen vacancies, as donors, due to the distortions in the 

structure. As mentioned, in spray deposited polycrystalline oxides, oxygen 

vacancies are known to be the most common defects and play donors role 

[4], which compensate at first the existents Sb
3
, as acceptors, and then 

participate in films resistance decrease (Rsh). More than 0.8 wt.% Sb 

doping, the predominate phenomenon may be that many Sbsub enter the 

interstitial sites, and participating in oxygen vacancies decrease (i.e. feeble 

donors concentration) which leads to Rsh enhancement; but Rsh is still 

lower than of the undoped one. This predominate phenomenon do not 

expelled of course the hypothesis of the co-existence of Sb
5+

donors 

together with Sb
3+

 acceptors, even there is no change in the experimental 

temperature, in the range doping over than 0.8 wt.%; only the amount of 

oxygen vacancies becomes feeble but it still dominant, as donors, 

compared to Sn
4+

 and Sb
3+

 acceptors. 

 

 

 



Chapter V                                                              Effect of doping elements 

 

102 
 

V.3. fluorine doping (F) 

V.3.1.Results and discussion 

V.3.1.a Optical properties 

The optical transmission T(λ) measurements as a function of the 

wavelength are depicted in (Fig. V.3). In this figure, we have gathered the 

undoped SnO2 and doped F (0-12 wt. %) SnO2 spectra. 

 

 

Fig. V.3. Spectral transmittance plot of F (0-12 wt.%) doped SnO2 thin films [5]. 

 

As it can be seen, a height transparent spectra T(λ) of undoped SnO2 in 

visible region, the average transmission is more than 92% and the film 

exhibit significant oscillations in long wavelength; this oscillation may be 

due to the roughness 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. 
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For the doped SnO2 films the value of transmission T(λ), in the visible 

region, is located in the average 81.3-92.88% revealing slight decrease 

upon the increasing F doping amount as it shown in (Fig. V.3). The region 

of the absorption edge in all layers due to the transition between the 

valence band and the conduction band is located between 317-340 nm until 

7 wt. % of (F/Sn); 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 317-

340 nm; blue shift of the absorption edge was observed as function of 

doping level until 7 wt.% reveling Burstein-Moss effect [3, 6] then sleight 

return to the initial values of the absorption edge revealing the Roth effect 

[7] which indicates that the increasing of doping amount can change the 

lattice structure. 

V.3.1.b Electrical properties 

All F-doped SnO2 (FTO) thin films were conducting at 300 K with 

resistivity values much less than of undoped SnO2 one. The resistance 

sheet (Rsh) of the undoped SnO2 is relatively high compared to the doped 

ones. 

The Hall Effect measurements, which were recapitulated in Table V.3, 

have been carried out to evaluate different electrical parameters such as 

resistivity, mobility and free carrier concentration of the 0-12wt% F-doped 

SnO2. 
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 Table V.3: Optical and electrical properties of SnO2: Sb thin films. 

 

 

 

Firstly Hall measurements indicate that the ultrasonic sprayed FTO films 

have n-type semiconductors character; Secondly, as it was seen in (Fig. 

V.4) 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_ anion introduces more free electrons. This results in an 

increase in free electrons and decreases the value of Rsh (or resistivity). 

This can be attributed as the reason for decreasing Rsh with increasing 

fluorine doping. 
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Fig. V.4. Variation of carrier concentration and resistivity of ultrasonic sprayed SnO2: F 

thin films with different fluorine doping concentration [5]. 

 

The decrease in the free electrons with an increase in the value of Rsh 

beyond a certain doping concentration of fluorine (7 wt.% in our work) 

probably represents a solubility limit of fluorine in the tin oxide lattice [8]. 

The excess F atoms do not occupy the proper lattice positions to contribute 

to the free carrier concentration while, at the same time, it enhance the 

disorder of the structure leading to an increase in sheet resistance. 

V.4.Opto-electrical studies 

V.4.1. Figure of merit 

In many applications requiring transparent conducting films, the optical 

transmission and electrical conductivity should be as high as possible. This 

is particularly important for solar cell applications because high optical 

transmission in the visible region enhances the photogenerated current and 

low sheet resistance (i.e. high electrical conductivity) reduces the series 

resistance of the cell. The performance of transparent conductors is often 
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assessed through figures of merit (Ω
_1) which incorporate both electrical 

and optical parameters [9-11]. The figure of merit is calculated by using 

Haacke formula as follow [12]: 

  
   

   
 

Both transmittance and resistivity were significantly affected by the film 

thickness. The figure of merit was used to determine the thickness at which 

the films present the best condition for their use in solar cells as widow 

and collector. Whereas plots of the figure of merit for undoped SnO2 and 

F/Sb-doped SnO2 were shown in Fig.V.5. 

 

Fig. V.5. Figure of merit of undoped SnO2, 7 wt.% F-doped SnO2and 0.8 wt.% Sb-doped 

SnO2 as a function of wavelengths  

 

It was noted that an enhancement of the values of the figure of merit in the 

visible region was well remarked. The values of the figure of merit 

increase as a function of wavelength after fluorine and antimony doping. 

At 800nm figures of merit reach maximum values of 1.78x10
-2

Ω
_1 and 
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8.4x10
-3

Ω
_1 for FTO (7%) and ATO (0.8%) respectively and they are 

higher than ones in the literature [13-16]. 

V.5 Conclusions 

 Undoped and F or Sb-doped SnO2 thin films are successfully 

prepared using inexpensive spray ultrasonic technique. 

 For both elements F or Sb the films have n-type electrical 

conductivity and depend upon the dopants concentration. 

 The average optical transparency (T(λ) % of the films in visible 

spectra decreases from 93% for the undoped to more than 80%.it 

depended on the 

 The deduced Eg, of the films, increase from 3.651 eV to 3.902 eV 

with increasing For Sb doping level. 

 Sb doping until 0.8 wt.% level, the substitution of some Sn
4+

 by 

Sb
3+

states into the SnO2 network is the favored one to cause more 

distortion and more oxygen vacancies generation. Beyond this level 

namely when Sb doping reaches 1%, Sb
3+

occupying the Sn
4+

 sites 

miss its role in substituting Sn
4+

 and enter in the interstitial sites 

leading to feeble oxygen vacancies.  

 The minimum resistance sheet (Rsh) and maximum carrier 

concentration n, achieved for SnO2: Sb thin films, have been found 

to be 31Ω/□and 11.8 x10
+19

 cm
-3

 at 0.8 wt.% Sb doping level. 

 Also, The minimum resistance sheet (Rsh) and maximum carrier 

concentration n, achieved for SnO2: F thin films, have been found 

to be 21Ω/□ and 2.04 x10
+19

 cm
-3

 at 6.0 wt.% F doping level. 

 A maximum value of figure of merit, 1.78x10
-2

Ω
_1 , 8.4x10

-3
Ω
_1 at 

800 nm for FTO (7%) and ATO (0.8%) respectively. The obtained 
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high conducting and transparent FTO and ATO thin films are 

promising to be useful in various optoelectronic applications, in 

particular, as a window layer in solar cells. 
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This thesis reports the essential experimental results and characterizations 

on the ultrasonically deposition of transparent oxide materials based on 

undoped SnO2 and both doped Fluor and Antimony SnO2 at room 

pressure. The effects of different ultrasonically deposition parameters are 

considered to explain and discuss the physical, structural, electrical and 

optical properties of these oxide thin films. The importance of the three 

different parameter conditions (effect of substrate temperatures, the effect 

of tin precursor concentration and effect of a solvent such as ration of 

water to methanol are undergone to be optimized for elaborating SnO2 

films with good quality and competitive to ITO. Furthermore, the potential 

use of these oxides is attempted and demonstrated for future considerations 

in solar cell fabrications as collector electrodes. The significant results 

achieved and presented in the previous chapters are summarized in this 

chapter and suggestions for future work are discussed too. 

The aim ideas, we would like to clarify in this purpose, are the effect of 

parameters, undertaken in this work, optimizing SnO2 thin films for future 

application in solar cells. Those parameters are the substrate temperatures, 

the tin precursor concentrations, the different ratios of water to methanol 

and the different doping elements such as fluorine and antimony. 

 

VI.1. SnO2 thin films with different substrate temperatures 

 

The undoped SnO2 thin films of were deposited onto microscopic glass 

substrates using an ultrasonic spray pyrolysis technique. The films were 

deposited at various substrate temperatures ranging from 400 to 500°C in 

steps of 20°C. The effect of substrate temperature on structural, electrical 
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and optical properties was studied. The X-ray diffraction study showed 

that all the films were polycrystalline with major reflex along (110) plane, 

which its surface needs the lowest energy to form, and manifested with 

amelioration of grain size with elevating substrate temperature. Among all 

the samples, the films deposited at 480°C exhibited lowest resistivity 

(9.19x10
-3

 Ω.cm) which means the highest n-type conductivity. The direct 

band gap energy was found to vary from 4.03 to 4.133 eV and 

transmittance at 550 nm varies from 43.8 to 66% with a rise in substrate 

temperature. 

 

VI.2. SnO2 thin films: effect of tin precursor concentration 

 

Since the optimized temperature for ultrasonically deposited SnO2 thin 

films in this work was 480°C, effect of 0.05-0.2 M as the concentration of 

tin in precursor solution on physical properties, of SnO2 thin films 

deposited on heated glass substrates at 480°C, was investigated. Different 

molarities were prepared by dissolving pure stannous chloride 

(SnCl2·2H2O) in a mixture of double distilled water and methanol at fixed 

ration ½:½ (not optimized at the departure). X-ray diffraction (XRD), UV-

visible spectrophotometer, conventional four-point probe techniques and 

Hall Effect are used for this purpose to evaluate structural, optical and 

electrical properties of the obtained thin films.  

Most of the appeared diffraction peaks matched well with the tetragonal 

rutile SnO2, and the rest others peaks are associated to SnO and cubic 

crystal system of SnO2. Crystallite size (D), in general, decreases gradually 

as the concentration of tin in solution increases. This behavior may be 

explained the excess of tin generating the nucleation and the poor arrival 
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of oxygen to form SnO2 on the substrates.  

The average transmission at a wavelength of 550 has been found to be 

ranged in 67-91.3% and decreases gradually with the concentration of tin 

in solution. The band gap energy values of all SnO2 thin films samples are 

ranged in 3.65-3.97eV revealing a decrease with increasing the 

concentration of tin in the solution. The free carrier concentration (ne) has 

a minimum value (ne = 4.17. 10
14

cm
-3

) at (C1=0.05M) and increases with 

concentration until (C4=0.125M) where it reaches 2.56.10
19

cm
-3

 as 

maximum value and drastically decrease to reach the value (ne= 1.37. 

10
14

cm
-3

) for (C3=0.2M) in the solution. An attempt to explain this 

behavior is given: For all concentrations, the mobility is directly inverted 

to the free carrier but the values of mobility are more than ones in 

literature. As results elaborating SnO2 thin films with (C4=0.15M) of SnCl2 

will be the preferred concentration in the precursor for this technique. 

 

VI.3. SnO2 thin films with different ratios of water to methanol  

Since the optimized temperature for ultrasonically deposited SnO2 thin 

films in this work was 480°C and as preferred concentration of SnCl2 in 

the precursor was 0.15M for this technique; Transparent conducting SnO2 

thin films have been deposited on 480°C heated glass substrates by a spray 

pyrolysis technique using (SnCl2·2H2O) as precursors and mixture of 

water and methanol as solvent. The concentration of (SnCl2·2H2O) is kept 

fixed and the ratio of water and methanol (W/M) solvent in the spraying 

solution is varied in the range as follow (0W25M, 5W20M, 10W15M, 

12.5W12.5M, 15W10M, 20W5M and 25W0M). X-ray diffraction (XRD), 

UV-visible spectrophotometer, conventional four-point probe techniques 

and Hall Effect are used for this purpose to evaluate the physical properties 
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of the obtained thin films. The as-deposited films are polycrystalline SnO2 

with a tetragonal crystal structure and are preferentially orientated along 

the (110) direction with high texture coefficient as 2.14. The crystallite 

size varies between 16.63 and 25.94 nm for the as-deposited sample within 

the ratio of water to methanol. 

The direct band gap energy was found to vary between 3.665 and 3.971eV 

whereas the transmittance at 550 nm varies from 51.64 to 80.12% with the 

water content in the starting solution it means the ratio of water to 

methanol. 

The electrical resistivity of deposited thin films at 480˚C decreases with 

the water content, reaching a minimum value closely to 1.81x10
–2

Ωcm, 

with the starting solution having ration of 15W10M (i. e 15 ml per 25 ml) 

of solution; further increase in water content increases the corresponding 

resistivity of the deposited thin films. 

 

VI.4. SnO2 thin films with different doping elements 

 

VI.4.1. F: SnO2 (FTO) 

For commodities reasons, the films are sprayed on heated glass substrates 

at 480°C and given a ration of 1:1 water-methanol, the 0-12wt. % fluorine 

doped tin oxide (SnO2) thin films are synthesized by using the cost-

effective spray. The dependence of structural, optical and electrical 

properties of SnO2 films on the concentration of fluorine is investigated 

using X-ray diffraction, UV-visible, four-point probe and Hall Effect 

studies have been performed on undoped and fluorine-doped SnO2 (FTO) 

films. X-ray diffraction pattern reveals the presence of cassiterite structure 

with (200) as preferential orientation for FTO films. The crystallite size 
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varies from 10.3 to 27.12 nm and was affected by F concentration having 

maximum value beyond 6 wt. % fluorine doping and remains constant in 

respect to the rest of average doping.  

All films exhibit optical transmission T(λ) more than 83.9% in the visible 

region; based on the existence of interferences optically estimated film 

thickness varies from 700 to 975 nm for the same given time (3min 

deposition) and band gap (Eg) varies from 3.65 to 3.90eV. The electrical 

study reveals that the films have n-type electrical conductivity and depend 

upon fluorine concentration too. The sprayed FTO film doped at 6 wt. % 

fluorine has the minimum resistivity of 1.47x 10
-3

Ωcm and minimum 

resistance sheet (Rsh) of 21 Ω whereas the carrier concentration and 

mobility were about 2.04x10
19

 cm
-3

 and 208.4 cm
2
V

-1
s

-1
 respectively as 

reported in the literature. 

 

VI.4.2. Sb: SnO2 (ATO) 

As it was elaborated with FTO, antimony-doped tin oxide (ATO) or (Sb: 

SnO2) thin films have been prepared by spray ultrasonic on heated glass 

substrates at 480 °C for 3 min as time deposition. The dependence of 

structural, optical and electrical properties of Sb: SnO2 films on the Sb 

concentration (0-1 wt.%), is investigated. X-ray diffraction pattern reveals 

the presence of cassiterite structure with (211) as preferred orientation for 

ATO thin films with the presence of other orientations. Focused analysis, 

on (211) peaks, indicated that the interplanar spacing of SnO2 (211) 

increases, after Sb doping until 0.8 wt.% level, this increase is due to the 

substitution of some Sn
+4

 by some Sb in Sb
+3

 state, (Sbsub), into the SnO2 

lattice, causing distortion and generated oxygen vacancies. Good 

agreement has been found between AFM topographical images of the Sb: 
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SnO2 samples and XRD grain size measurements. The crystallite size 

varies from 24.93 to 33.25 nm and was affected by Sb concentration 

whereas the lattice parameters such as a and c are found to increase with 

Sb doping concentration until 0.8 wt. % level and then decreased. Sb: 

SnO2 thin films transparency in the visible range was around 80% at Sb 

doping level lower than 0.8 wt.%; all the envelopes of transmission T(λ) 

curves, in the whole wavelength range 200-3100nm, were become 

contracted and shift toward lower wavelength revealing the behavior effect 

of plasma carrier concentration in absorbing light. The optical band gap 

(Eg) increases from 3.65 to 3.92 eV and then decreases. Minimum 

resistance sheet and maximum carrier concentration have been achieved 

for SnO2: Sb thin films and found to be 31.07 Ω and 11.8x10
19

 cm
-3

 at 

0.8wt% Sb doping level. 

 

VI.5 General conclusions 

VI.5.1. Effect of T on SnO2 properties 

 The XRD analyses revealed that the deposited SnO2 have tetragonal 

structure. 

 Transparency in the visible region of deposited SnO2 thin films is in 

range 43.8-75%. 

 The resistivity is limited by the grain size at low substrate 

temperature. 

 As results elaborating SnO2 thin films with (Tsub =480 °C) of 

temperature will be the preferred substrate temperature for this 

technique. 
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VI.5.2. Effect of C on SnO2 properties 

 Most of the appeared diffraction peaks matched well with the 

tetragonal rutile SnO2, and the rest others peaks are associated to 

SnO and cubic crystal system of SnO2. 

 The average transmission at a wavelength of 550 has been found to 

be ranged in 67-91.3%. 

 As results elaborating SnO2 thin films with (C4=0.15M) of SnCl2 

will be the preferred concentration in the precursor for this 

technique. 

VI.5.3. Effect of Ratio W/M on SnO2 properties 

 The as-deposited films are polycrystalline SnO2 with a tetragonal 

crystal structure and are preferentially orientated along the (110.  

 The crystallite size varies between 16.63 and 25.94 nm for the as-

deposited sample within the ratio of water to methanol. 

 The transmittance at 550 nm varies from 51.64 to 80.12% with the 

water content in the starting solution it means the ratio of water to 

methanol. 

 Reaching a minimum value closely to 1.8x10
–2 

Ωcm, with the 

starting solution having a ratio of 15W10M (i. e 15 ml per 25 ml) 

of the solution. 

VI.5.4. Effect of doping on Figure of merit 

 A maximum value of figure of merit, 1.78x10
-2

Ω
_1 , 8.4x10

-3
Ω
_1 at 

800 nm for FTO (7%) and ATO (0.8%) respectively. The obtained 

high conducting and transparent FTO and ATO thin films are 

promising to be useful in various optoelectronic applications, in 

particular, as a window layer in solar cells. 
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a b s t r a c t

Undoped thin films of tin oxide (SnO2) were deposited onto microscopic glass substrates
using an ultrasonic spray pyrolysis technique. The thin films were deposited on glass at
large scale of temperature ranged in 400–500 �C and stepped by 20 �C. The effect of
substrate temperature on structural, electrical and optical properties was studied using
X-ray diffraction (XRD), UV–visible spectrophotometer and a conventional four point probe
technique. XRD showed that all the films were polycrystalline with major reflex along
(110) plane, manifested with amelioration of grain size from 6.51 to 29.80 nm upon
increasing substrate temperature. Lattice constant ‘a’, ‘c’, microstrains and dislocation
densities were affected by the substrate temperature. Transmittance of about 75% at more
than 800 nm for films prepared at 480 �C has been observed. With increasing the substrate
temperature the direct band gap energy was averaged in 4.03–4.133 eV. Plasma frequency
(xp) was estimated to be 4 � 1014 Hz and optically estimated free electrons number
N leading to predict that, in SnO2 material, the effective density of conduction band states
is about 5 � 1019 cm�3. Among all the samples the film that deposited at 480 �C exhibited
lowest resistivity of about 9.19 � 10�3 X cm.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Tin oxide (SnO2) is a non-stoichiometric semi conductor with a wide band gap (Eg P 3.6 eV) at room temperature with
tetragonal structure [1,2]. SnO2 films have unique characteristics such as high transmittance in visible wavelength region,
low resistivity, high chemical and thermal stabilities compared to other transparent conductive oxides (TCOs) [3]. It has
low cost. SnO2 films are widely used in optoelectronic applications, heat mirror coatings, photocatalysis, organic light emit-
ting diodes, gas sensors, solar energy collectors [4–9]. There are several methods for preparing SnO2 thin films: The screen
printing technique, chemical vapor deposition, reactive evaporation, dc and rf sputtering, pulsed laser ablation, thermal
evaporation, electron beam evaporation, metal–organic deposition, sol–gel deposition, spray pyrolysis and thermal evapo-
ration [10–19]. Among these methods, spray ultrasonic has the advantages of producing high purity crystalline products
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and durable films in a single step [20]. Various parameters such as substrate temperature annealing, deposition rate, oxygen
partial pressure and have significant influence on characteristics of SnO2 films. Among these parameters, substrate temper-
ature has a major role in decreasing the intrinsic stress, increasing mobility of charge carriers, and improving homogeneity
and crystallinity of films to get better. To the best of our knowledge, no much attention has been paid to the study of the
substrate temperature effect on characteristics of undoped SnO2 specifically when it was deposited by spray ultrasonic.

In this work, the structural, optical and electrical properties of SnO2 thin films sprayed ultrasonically on various heated
temperatures glass substrates were investigated using X-ray diffraction (XRD), UV–visible spectrophotometer and a conven-
tional four point probe technique.

2. Experimental details

SnO2 films were ultra sonically deposited on glass substrate heated between 400–500 �C. As a precursor for tin, used in
this work, was a 99.99% pure stannous chloride (SnCl2 2H2O) dissolved in double distilled water and methanol (volume
ratio1:1) with adding few drops of (HCl). The precursor concentration was (0.1 M). The later was stirred at room temperature
(rt) for half an hour to yield a clear and transparency solution. The blend so obtained was used as a stock solution for spray
ultrasonic. An R217102 microscopic glass slide in a size of (75 � 25 � 1.1 mm3) was used as substrates. Those substrates
were cleaned with alcohol in an ultrasonic bath and distilled water then blow-dried with dry nitrogen gas. The substrate
temperature was varied between 400–500 �C and steeped by 20 �C [21]. To read and control the substrate temperature a
Chromel–Alumel and K type thermocouple were used. The time deposition was maintained 3 min for each experiment.
After deposition, the films were allowed to cool down naturally to room temperature.

The structural properties of the film were investigated using X-ray Diffractometer (XPERT-PRO X-ray Diffractometer sys-
tem under 30 kV, 30 mA conditions) equipped with X’Pert High Score under Cu Ka (k = 1.5406 Å) radiation in the scanning
range of (2h) between 20–90�. The grain size of the films was estimated using X’Pert High Score. The optical transmission
spectra were obtained using an UV–visible spectrophotometer (Shimadzu, Model 1800) and measured in the range of
300–900 nm; whereas the different optical parameters such as the band gap, Urbach energy, electron plasma frequency
and film thickness were determined using data and fitting of transmission spectrum. The resistivity of thin films was
characterized using four point probe method on 1 � 1 cm2 sample sheet. All measurements were carried out at room
temperature (rt).

3. Results and discussion

3.1. X-ray diffraction studies

The XRD patterns of SnO2 thin films deposited at various substrate temperatures are shown in (Fig. 1). As it can be seen
the diffraction peaks were observed at 2h = 26.65�, 33.939�, 38.035�, 51.771�, 54.7124�, 61.886�, 65.898� and 78.597� which
are related to the following plans (110), (101), (200), (211), (220), (310), (301) and (321) respectively. The obtained XRD
spectra matched well with the space group P42mnm according to JCPDS (No. 41-1445) of the tetragonal, rutile SnO2 struc-
ture [1] and indicated the polycrystalline nature of the thin films; the tin dioxides thin films deposited at temperature down
to 420 �C were partially crystalline in nature [22] and they contain (101) SnO peak according to JCPDS (No. 06-395) this peak
is signalized by a start (*) in Fig. 1. It is worth noting that the crystallinity was increased as the substrate temperature
increases (peak intensities) from 420 �C to 500 �C, indicating the formation of more crystallites with well-defined orientation
along (110) plane and some other less prominent peaks such as (200) and (211) planes which were also present in the XRD

Fig. 1. XDR patterns of undoped SnO2 thin films with different substrate temperatures.
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patterns (Fig. 1). Increase in crystallinity with substrate temperature is may be due to the optimum rate of supply of thermal
energy for recrystallization with substrate temperature as reported by Nikale et al. [23].

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 TC(hkl) have been calculated from the X-ray data using the well-known
formula [24]:

TCðhklÞ ¼ IðhklÞ=I0ðhklÞ
N�1PN

n IðhklÞ=I0ðhklÞ
where I(hkl) is the measured relative intensity of a plane (hkl), Io(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. TCðhklÞ values of all the films for (110),
(101), (200), (211), (310) and (301) with increasing substrate temperature are shown in (Fig. 2). The peaks were less than
unity confirming the polycrystalline nature of the films. However, the films deposited up to 480 �C presented a possible
oriented growth along the (110) plane direction and with other less oriented growth along the (211) plane as seen in
Fig. 2. It is worth noting that preparation of the (110) surface in vacuum alone always results in an oxygen deficient surface
[25], the (110) surface exhibits the lowest energy surface followed by the (211), and (200) surfaces.

The lattice constant ‘a’ and ‘c’, for the tetragonal phase structure is determined by the relation [26]:

2dhkl sin hð Þ ¼ nk and
1

d2
hkl

¼ h2 þ k2

a2
þ l2

c2

where ‘d’ is the interplaner distance and (hkl) are miller indices, respectively. The lattice constants a and c are calculated and
given in Table 1. The lattice constant a and c first increase to reach a maximum value at around 480 �C and then decrease. It
was observed that lattice constants a and c calculated for 480 �C match well with the standard JCPDS data card [1]. The
variation in lattice constant (Da and Dc) for the spray-deposited thin film over the bulk clearly suggests that the film grains
are strained, which may be due to the nature and concentration of the native imperfections changing (oxygen vacancies,
vacancy clusters and local lattice disorders) [27].

The average nanoparticles crystallite size of SnO2, with a varying substrate temperature was determined from XRD
broadening using the Debye–Scherer formula [28]:

D ¼ 0:9k
b cosðhÞ

Fig. 2. Variation of TC (hkl) with different substrate temperatures in SnO2 thin films.

Table 1
Crystallite size D, dislocation density d, strain e, and lattice parameters a and c of undoped SnO2 thin films with different substrate temperatures.

Substrate temp (�C) Crystallite size (nm) d � 1015 (lines/m2) e � 10�3 a Lattice constants (Å) Dc = c–c0

Da = a–a0 c

400 6.52 23.51 �27.00 4.72263 �0.01557 3.17327 �0.01383
420 8.23 14.75 �18.00 4.72576 �0.01244 3.17956 �0.00754
440 13.27 5.67 �7.00 4.72475 �0.01345 3.17963 �0.00747
460 15.52 4.15 �4.00 4.72759 �0.01061 3.18024 �0.00686
480 20.27 2.43 �2.00 4.73126 �0.00694 3.18473 �0.00237
500 29.80 1.12 �1.00 4.72480 �0.01340 3.18394 �0.00316
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where k is the wavelength of X-ray radiation, b is the full width at half maximum of the peak at diffraction angle h [29] and
the average crystallite sizes were found to be in the range of 6.52–29.80 nm and increases with increasing substrates tem-
perature. The increase may due to non uniform stress or strain during the grain growth or to the existence of local structural
disorder in the material. In fact, 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 another part.
Unlike, vacancies and interstitials atoms, dislocations are not equilibrium imperfections i.e., thermodynamic considerations
are insufficient to account for their existence in the observed dislocation densities [19]. In our case, dislocation density (d)
was determined using the relation [30] as given below:

d ¼ 1
D2

The calculated dislocation density (d) was given in Table 1. It was observed that d decreases with increasing substrate
temperatures from 400 �C to 500 �C and having accordance with the lattice constant a, c and microstrain tendency, as seen
in Table 1.

The effective lattice strain, of the present synthesized SnO2 nanoparticles, was calculated by using Williamson–Hall
equation [31]:

b cos h
k

¼ 0:9
D

þ e
sin h
k

where b is the full-width at the half maximum (FWHM) of the diffraction peak, h is the Bragg angle, k is the wavelength of
X-ray used, D is the average crystallite size and e is the effective lattice strain.

The effective lattice strain calculated by using the above equation was plotted in (Fig. 3). The slope of straight line of
(b cos h/k) vs. (sin h/k) represents the effective strain. The average crystallite size, lattice parameters and strain values
obtained from the XRD pattern and Williamson–Hall plots are given in Table 1. The negative value of strain implies a
compressive strain in lattice [31,32].

3.2. Optical transmission and optical band gap

Fig. 4 shows the variation of transmittance with respect to wavelength of SnO2 thin films deposited at various substrate
temperatures. The average transmission in the visible region has been found to be ranging from 43.8% to 66% depending
upon the substrate temperature. An increase in transmission is observed with increase in temperature. At lower tempera-
tures, i.e. at 400 �C, relatively lower transmission is well remarked which is due to the formation of milky films and that
is because of incomplete decomposition of the sprayed droplets. Relatively higher transmittance of about 75% at more than
800 nm for films prepared at 480 �C has been observed. A drastic decrease in transparency is located between 300–360 nm
reveling the region of the absorption edge in the layers due to the transition between the valence band and the conduction
band (optical band gap: Eg); in this region the transmission decreases because of the onset fundamental absorption. The band
gap (Eg) values of pure SnO2 were deduced from the transmittance data according to Tauc’s relation [33] giving (ahm)2 versus
incident photon energy, (hm), plots. The graphs are represented in (Fig. 5). The band gap energy values, as shown in Table 2,
were found to be ranged in 4.03–4.133 eV for SnO2 thin films with increasing the substrate temperature from 400 to 500 �C.
These results are in good agreement with that obtained ones from bulk SnO2 [34,35]. More investigations will be taken below
using Urbach energy.

Fig. 3. Williamson–Hall plots of undoped SnO2 thin films with different substrate temperatures.
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At lower values of the absorption coefficient a (i.e. near the band edge), the extent of exponential tail of the absorption
edge is characterized by the Urbach energy (Eu) indicating the width of band tails of the localized states within the optical
band gap and is given by [36]:

a ¼ a0 exp
hm
Eu

� �

where a0 and Eu are respectively a constant and width of the band tail of localized states at the optical band gap. Eu is also
known as band tail width and is due to the disorder in the thin film material. The variation of bond length and bond angle
from their standard value in the crystalline material is called disorder [37]. The Urbach energy of prepared SnO2 thin films

Fig. 4. Spectral transmittance plots of undoped SnO2 thin films with different substrate temperatures.

Fig. 5. Band-gap (Eg) estimation from Tauc’s relation of undoped SnO2 thin films with different substrate temperatures.

Table 2
Optical gap (Eg), Urbach energy (Eu), refractive index(n), Permitivity (eL), number of free electrons N, and Plasma frequency xp with different substrate
temperatures.

Substrate temp
(�C)

Thickness
(nm)

Optical gap
Eg (eV)

Urbach energy
Eu (meV)

Refractive
index (n)

Permitivity eL N (1019cm�3) xp (1014 Hz)

400 446 4.0303 328.45 1.937 3.643 5.259 4.09
420 600 4.1328 290.61 1.823 3.228 4.489 3.78
440 716 4.0120 189.37 1.963 3.745 5.460 4.17
460 788 4.1327 192.66 1.903 3.521 5.011 3.99
480 696 4.1328 206.68 1.755 2.994 4.221 3.66
500 707 4.0716 182.01 1.905 3.526 5.025 4.00
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depends on the structural defects, dislocations density and some defects of the vacancy and interstitial states in the films
[38]. It can be determined from the reciprocal gradient of the linear portion of ln(a) versus (hm) plots. Fig. 6 shows the
Urbach energy plot of SnO2 thin films with substrate temperature. From Table 2 one can that Eu decreases from 328 to
182 meV. This decrease in Urbach energy with increasing substrate temperature is due to the disappearance of localized
states [39] and highlighting the correlation of Eu with decrement in energy band gap (see Fig. 7). It also correlates with
the improvement in crystallinity of films observed from XRD results.

Lattice dielectric constant (eL = n2) can be evaluated from the mathematical equation which is associated with refractive
index (n) and wavelength (k) and it is given by the following equation [40]:

e ¼ n2 ¼ eL � e2N
4p2c2e0m�

� �
k2

where eL is the lattice dielectric constant, e is the electronic charge, c is the velocity of light, N the free carrier concentration,
m* the effective mass of the charge carriers and e0 is free space dielectric constant (8.854 � 10�12 F/m) [41]. The nature of the
dispersion of eL = n2 as a function of wavelength (k2) for different substrate temperatures is shown in (Fig. 8). The values
extracted from the intercept and slope gives the amount of eL and N respectively and they are shown in Table 2. With
increasing substrate temperature it was found that both eL and N exhibit a little fluctuation, as shown in the insert of
Fig. 8. N fluctuated around 5 � 10+19 cm�3, which may be due to the interaction between free carrier and low lattice phonon.
It is worth noting that N estimated from the above law leads to predict that, in SnO2 material, the effective density of
conduction band states is about 5 � 1019 cm�3as minimum limit.

Plasma frequency (xp) is the characteristic frequency at which the material response changes from metallic to dielectric
behavior. It is given by the relation:

x2
p ¼ e2N

e0m�

Fig. 6. Urbach energy (Eu) estimation of undoped SnO2 thin films with different substrate temperatures.

Fig. 7. Variation of Band-gap (Eg) and Urbach energy (Eu) for undoped SnO2 thin films as functions substrate temperatures.
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The plasma resonance frequency (xp) of all electrons involved in the optical transitions was calculated using the above
relation and the values are reported in Table 2. Plasma frequency (xp), which was estimated from the above law was about
4 � 1014 Hz of the elaborated SnO2 thin films.

3.3. Electrical conductivity

Fig. 9 shows the plot of films resistivity (q) and crystallite size D as a function of substrate temperature. As can be seen
until 420 �C slight increase in resistivity then decreases to reach 9.19 � 10�3X cm, for the sample deposited at 480 �C, which
is comparable to the reported one [42] and increases again (see Table 3). Initially, with increase in temperature up to 480 �C,
the thickness increases (see Table 2) leading to decreases in resistivity. Furthermore 480 �C the resistivity increases again
even thought the thickness remains constant which means that the resistivity and the thin films thickness are not inverted
whereas the crystallite size D increases from 6 to 29.8 nm with increasing temperature in the considered average.

Fig. 8. Plots of n2 versus (k2) of undoped SnO2 thin films for different substrate temperatures. Insert represent the variation of the lattice dielectric constant
eL as functions substrate temperatures.

Fig. 9. Plots of resistivity and crystallite size of undoped SnO2 thin films with different substrate temperatures.

Table 3
Sheet resistance (Rsh) and Resistivity (q) with different substrate temperatures.

Substrate temp (�C) Sheet resistance Rsh (X) Resistivity q (X cm)10�3

400 397.76 17.75
420 376.72 22.62
440 154.96 11.10
460 150.96 11.89
480 132.05 9.19
500 347.31 24.55
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Under the optics of crystallite size D of the films at the average temperature lower than 420 �C; hence D (6–8 nm) is not
higher than the mean-free path l of the electron in SnO2 materials (l = 4 nm) as given by Prins et al. [43] one can considered
that the porters diffusion is limited by grain size leading to high resistivity of the films. Whereas the films prepared at
440–480 �C had low Rsh leading to low resistivity owing to their considerable crystallite size (D = 13.27–20.27 nm) which
is higher than the mean-free path l of the electron in SnO2 materials, the porters diffusion is not limited by grain size yielding
to low resistivity. Beyond 480� it was mentioned that the growth of the films have (110) surface as preferred one leading to
out diffused oxygen. This out diffusion of oxygen (oxygen vacancies) leads to an increase in surface defect concentration [44]
(i.e. a decrease in surface conductivity); as consequence an increase in resistivity (sheet resistance) was expected which was
observed in the case of the sample elaborated at 500 �C even thought the increase in grain size (D = 29.8 nm) .

4. Conclusions

In this work, we have reported the preparation and characterization of the SnO2 thin films ultrasonically sprayed onto
heated microscopic glass substrates. The thin films were deposited on glass at large scale of temperature ranged in
400–500 �C and stepped by 20 �C. The effect of substrate temperature on structural, electrical and optical properties was
studied using X-ray diffraction (XRD), UV–visible spectrophotometer and a conventional four point probe technique. XRD
showed that all the films were polycrystalline with major reflex along (110) plane and minimum surface energy, manifested
with amelioration of grain size from 6.51 to 29.80 nm upon increasing substrate temperature. Lattice constant ‘a’, ‘c’, micros-
trains and dislocation densities were affected by the substrate temperature. Transmittance of about 75% at more than
800 nm for films prepared at 480 �C has been observed. With increasing the substrate temperature the direct band gap
energy was averaged in 4.03–4.133 eV. Plasma frequency (xp) of the elaborated thin films reveling the change from metallic
to dielectric response was estimated to be 4 � 1014 Hz whereas the optically deduced number of free electrons N leads to pre-
dict that, in SnO2 material, the effective density of conduction band states was round 5 � 1019 cm�3. Among all the samples
the film that deposited at 480 �C exhibited lowest resistivity of about 9.19 � 10�3 X cm.
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Abstract 

 

Transparent conducting oxides (TCO) continue to attract considerable 

attention in terms fundamental and application, mainly because of their highly exploited 

properties. Special consideration was given to SnO2 which is an n-type semiconductor with 

excellent optoelectronic properties either with or without doping; that give it the potential to be 

exploited in large-area applications as an alternative to ITO. 

In this perspective, we studied in the first part of this work, the importance of the parameter 

condition (effect of substrate temperatures, effect of tin precursor concentration and effect of 

solvent) in order to optimize these parameters for elaborate a SnO2 films on the crystal phase 

and optoelectronic properties of film elaborated by ultrasonic spray method.  

In the second part, we studied effects of (F or Sb) doping on SnO2 for optimize figure of 

merit. 

 

 

Résumé : 

 

Les oxydes transparents conducteurs (TCO) continuent à susciter une 

attention considérable du point de vue fondamental et application, principalement en raison de 

leurs propriétés très exploitées. Une considération particulière a été portée sur SnO2 qui est un 

semi-conducteur de type n possédant d'excellentes propriétés optoélectroniques soit avec ou 

sans dopage ; qui lui confèrent la possibilité d'être exploité dans de nombreux domaines 

comme alternative aux l’ITO . 

 

 Dans cette perspective, nous avons étudié, dans la première partie de ce travail, l’influence 

de conditions d’élaboration (conditions opératoires : choix du précurseurs, l’effet de la 

température du substrat, le concentration d’étain dans le précurseur et le solvant) dans le 

système SnO2 sur la phase cristalline et les propriétés optoélectroniques des films élaborés par 

la méthode spray ultrasonique.  

 

Dans la deuxième partie, nous avons étudié l’optimisation de facteur de mérite par les effets 

de dopage (F ou Sb) sur les structures de SnO2 

 

 

 

 ملخص:

 

فٍ جزب انكثُش يٍ انثاحثٍُ، ورنك تسثة خصائصها انىاسؼح   (TCO)تستًش الاكاسُذ انشفافح و انُاقهح نهكهشتاء 

َتًتغ تخصائص كهشوضىئُح  nه َاقم يٍ َىع ثانزٌ هى تًثاتح ش(SnO2) الاستغلال. اهتًايُا خص اوكسُذ انقصذَش 

يًتاصج؛ انتٍ تؼطُه يُضج لاستغلانه فٍ انؼذَذ يٍ انًجالاخ و ًَكُه اٌ َكىٌ تذَم ػٍ اوكسُذ الأَذَىو انًطؼى تانقصذَش 

(ITO) . 

 

) كذسجح حشاسج انشكُضج او تشكُض انىسائظ   ففٍ هزا انًُظىس، خلال انجضء الاول يٍ انؼًم قًُا تذساسح تأثُش يخته

 (SnO2) اوكسُذ انقصذَش انششائح انشقُقح يٍ  ةانًؤثشج ػهً تحضُش وتشسُانًحهىل انسائم الاتتذائٍ او َىع انًحهىل ( 

تىاسطح تقُُح انشش فىق انصىتٍ و رنك نضثظ انششوط انتٍ تؤدٌ انً َتائج  و خصائص تهىسَح و كهشوضىئُح  انًحضشج

 انشقُقح .نهششائح جُذج 

 

فٍ  اوكسُذ انقصذَش تزساخ ) انفهُىس او الاَتًُىاٌ (يذي تأثُش تطؼُى ػُُاخ فٍ انجضء انثاٍَ يٍ هزا انؼًم دسسُا 

 .تحسٍُ انخصائص انكهشوضىئُح ) ػايم انجىدج (
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