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properties of SnO2 deposited by spray pyrolysis for photovoltaic applications. SnO2 thin films were 

synthesized by ultrasonic spray pyrolysis (USP) onto glass, FTO and ITO substrates at various deposition 

temperatures (between 300 and 500 °C) using anhydrous SnCl4 · 4H2O as a precursor. The films were 

investigated for structural, optical and electrical properties using X-ray diffraction (XRD), UV-VIS NIR 

spectrophotometry, hot probe and I-V measurement respectively. All the films display high transmittance in 

the visible region with average transmittance varying from 75 to 85 %. XRD analysis showed the 

polycrystalline nature of our samples. Crystallite size increased from 1.6 nm to 36 nm with increasing 

deposition temperature. Resistivity and sheet resistance decreased from 1.2.10+1 to 6.2.10-3 Ohmcm and 

1.2.10+6 to 6.2. 10+2 ohmcm2 respectively with increasing temperature. This work has been meticulously 
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1. INTRODUCTION 

Conventional energy sources based on oil, coal, and natural gas have proven to be highly effective drivers of 

economic progress. However, with the rapid depletion of conventional energy sources, increasing energy 

demand, and the urgent need for environmental protection there is a call for efficient and environmentally 

friendly energy systems [1]. The utilization of renewable energy is widely considered as a promising 

alternative to conventional fossil fuel system and therefore draws more and more attention [2]. There are 

many forms of renewable energy. Wind and hydroelectric power are the direct result of differential heating 

of the Earth's surface which leads to air moving about (wind) and precipitation forming as the air is lifted. 

Solar energy is the direct conversion of sunlight using panels or collectors. Biomass energy is stored sunlight 

contained in plants. Other renewable energies that do not depend on sunlight are geothermal energy, which 

is a result of radioactive decay in the crust combined with the original heat of accreting the Earth, and tidal 

energy, which is a conversion of gravitational energy [2].  

 

Since environmental protection concerns are increasing, both clean fuel technologies and new energies are 

being intensively pursued and investigated, it is clear that future growth in the energy sector is primarily in 

the new regime of renewable. Therefore, shifting to renewable energy can help us meet the dual goals of 

reducing greenhouse gas emissions, thereby limiting future extreme weather and climate impacts, and 

ensuring reliable, timely, and cost-efficient delivery of energy [3].  The use of solar energy is just one of the 

green initiatives presented as a solution to the above-mentioned issue. As with any good solution, there has 

to be a compromise between the efficiency, safety, materials and production costs. The use of non-toxic, 

earth-abundant materials produced by simple and cost-effective methods can help increase the market 

share of Renewables. 

 

Solar cells operate on the principle of photovoltaic effect. A semiconductor is used as a light absorber to 

convert photons from sunlight into an electron-hole pair (Photocurrent generation). The holes and electrons 

are then separated by the device structure. Electrons migrate to the negative terminals while the holes move 

to the positive terminals thus producing electric power. Charge separation inside the solar cells leads to the 

generation of a photovoltage [11]. Photovoltaic (PV) is a promising technology which can be easily installed 

without affecting neither the landscape nor the natural environment if directly integrated into building. One 

of the technological key points is the transparent conductive films (TCFs) used for front contact, barrier layer 

or intermediate reflector [4, 5]. TCFs can be fabricated from both inorganic and organic materials. Inorganic 

films typically are made up of a layer of transparent conducting oxide (TCO), generally in the form of indium 

tin oxide (ITO), fluorine doped tin oxide (FTO) and doped zinc oxide usually aluminum doped zinc oxide 

ZnO:Al (AZO). Organic films are being developed using carbon nanotube networks and graphene. High optical 

transparency and high electrical conductivity are two critical parameters in the choice of electrodes. 
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Currently, tin-doped indium oxide (ITO) and fluorine-doped tin oxide (FTO) are used as the primary choice 

for transparent conductive electrodes (TCE) for such applications due to their high electrical conductivity and 

optical transparency [4, 6,7].  

 

In the last two years, undoped Tin dioxide (SnO2) has gained much attention in the field of photovoltaics and 

optoelectronics due to its suitable optical properties – high transparency, optical bandgap (3.6 eV), n-type 

semiconductor, electron mobility more than 100 cm2V-1s-1 [APL Mater. 3, 076107 (2015)] useful structure, 

abundance, mechanical hardness, thermal and chemical stability [8, 9]. SnO2 have a refractive index of about 

1. Due to the suitable properties of SnO2, the thin films can be used as a window layer in solar cells [10]. 

These films act as a window for light to pass through to the absorber beneath (where carrier generation 

occurs), as an ohmic contact for carrier transport out of the photovoltaic. This type of thin film of metal 

oxides of binary compound without any intentional impurity doping has been developed [4].  

 

In this study, we are looking at the various possibilities of using undoped SnO2 to improve our 

glass/ITO/TiO2/absorber/back contact solar cell stack. One of such possibilities is the use of SnO2 thin films 

in the window layer (TiO2) owing to its better optical properties or as an intermediate buffer layer between 

the TCO/TiO2 layer of our solar cell [11]. This is because the conductivity of SnO2 can be managed. 

Furthermore, due its useful band structure, high transmittance and stability, they could be used to replace 

component parts or act as a buffer layer between the front contact electron transport material (ETM) or 

between the ETM and absorber [12,13]. A broad range of studies has been done in the implementation of 

SnO2 thin polycrystalline films in Perovskite solar cells (PSC) [12,13,14,15]. Xiong et al noted a higher 

efficiency of 20.79% [12]. Hagfeldt and co-workers developed a chemical bath post-treatment SnO2 PSCs that 

yielded efficiencies of close to 21%. An impressive certified record efficiency of 20.9% has been achieved by 

You and co-workers with SnO2 nanoparticle planar PSCs. This feat is the reason behind our intention to use 

SnO2 to improve our solar cell configuration. 

 

Figure 1. Cross section of a solar cell [16] 
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Various types of chemical techniques have been used for the deposition of SnO2 such as chemical spray 

pyrolysis (CSP) [9, 13, 17] and sol-gel method [18]. D. Jadsadapattarakul et al reported the microstructure of 

SnO2 thin films deposited by ultrasonic spray pyrolysis technique [19]. Sehrish et al investigated the 

photovoltaic properties of SnO2 using sol-gel method [18] while S. Palanichamy et al have reported on the 

physical properties of SnO2 thin films using nebulised spray pyrolysis [17] at different temperatures.  

Ultrasonic chemical spray pyrolysis (USP) method is a well-developed and economically viable method for 

depositing uniform thin films over large area [20]. USP is a processing technique being considered in research 

to prepare thin and thick films, ceramic coatings, and powders. Unlike many other film deposition 

techniques, it represents a very simple and relatively cost-effective processing method (especially regarding 

equipment costs). It offers an extremely easy technique for preparing films of any composition. The aim of 

this study is to successfully deposit uniform transparent SnO2 thin films by USP method onto different 

substrates (glass and glass/ITO) which are useful for photovoltaic applications and to investigate their 

structural and electrical properties. This thesis is divided into three main chapters. Following the 

introduction, the theoretical part describes a general overview of SnO2  applications, deposition methods, 

effects of external factors, and properties. The experimental part briefly describes characterization 

techniques while the third part is analyses the results and discussions of the properties of SnO2 thin films.  

 

1.1 AIM AND OBJECTIVE OF STUDY. 

1) To deposit undoped SnO2 thin films using ultrasonic spray pyrolysis method. 

2) To study the electrical, structural and optical properties of Undoped SnO2 thin films. 

3) To obtain high transparency and homogeneity of Undoped SnO2 thin films. 

4) To prove the intermediate conductivity around of SnO2 thin film. 
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2. BACKGROUND AND LITERATURE REVIEW 

2.0 TIN IV OXIDE 

Metal oxides are the basis of modern diverse smart and functional materials and devices because physical 

and chemical properties of these oxides can be tuned. Metal oxides SnO2, ZnO, In2O3, and CdO are wide-

bandgap n-type semiconductors. They belong to a class of transparent conductive oxides due to a number of 

unique functional properties, of which the most important are the electrical conductivity, the visibility in a 

wide spectral range, and high reactivity of the surface. Tin dioxide (stannic oxide) is the inorganic compound 

with the formula SnO2. The mineral form of SnO2 is called cassiterite, and this is the main ore of tin. They are 

generally regarded as an oxygen deficient n-type oxide  and have a wide range of applications, including 

transparent electrodes in  devices, gas sensors, and transparent heat- reflecting films [23], [24], [25]. 

SnO2 semiconductors have been studied widely owing to their relatively large optical  of 3.6 eV and excellent 

transparency of >85% [26].  

 

 

Figure 2. The unit cell of the rutile structure (27). 

 

SnO2 conforms to the O=Sn=O structure. Interestingly, the simultaneous occurrence of transparency and 

conductivity of SnO2 is a unique feature among the Group-IV elements of the periodic table [28]. For example, 

its superior optical transparency is suitable for optically passive component in number of devices [28, 29]. 

The study of SnO2 is triggered by its impressive range of applications in solar cells [28, 30]. The key for 

understanding various aspects of SnO2 is its surface properties which eventually are governed by the dual 

valency of Sn. The dual valency facilitates a reversible transformation of the surface composition from 

stoichiometric surfaces with Sn4+ surface cations into a reduced surface with Sn2+ surface cations depending 

on the oxygen chemical potential of the system [28, 31]. Medvedeva et al [32] formulated criteria for the 

successful combination of high electrical conductivity with complete transparency in the visible range and 

emphasized the significant correlation between their structural attributes with the electronic and optical 

properties. In the direct band structure of SnO2, the top of the valence band mostly consists of O(p) states, 

https://www.sciencedirect.com/science/article/pii/S0169433216300496#bib0200
https://www.sciencedirect.com/science/article/pii/S0169433216300496#bib0205
https://www.sciencedirect.com/science/article/pii/S0169433216300496#bib0210
https://www.sciencedirect.com/science/article/pii/S0169433216300496#bib0215
https://www.sciencedirect.com/science/article/pii/S0169433216300496#bib0215
https://www.sciencedirect.com/science/article/pii/S0169433216300496#bib0215
https://www.sciencedirect.com/science/article/pii/S0169433216300496#bib0215
https://www.sciencedirect.com/science/article/pii/S0169433216300496#bib0215
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while the bottom of the conduction band has an anti-bonding character arising from the Sn(4s) and O(p) 

states [28].  

 

2.1 CHARACTERISTICS OF TIN IV OXIDE 

SnO2 is a transparent semiconductor with up to 97% optical transparency in the visible range (for films of 

thickness 0.1-1 μm), yet having a resistivity of 10-4 -106 Ωcm, considerably lower than most semiconductors 

(10-3 - 109 Ωcm). Remarkably, nominally undoped SnO2 has a carrier density of up to 10-20 cm-3 which is 

comparable to that of semimetals (1017 -1020 cm-3) [33].  Furthermore, SnO2 possesses several polymorphs 

such as the rutile-type CaCl2 (Orthorhombic), α-PbO2-type (Orthorhombic), fluorite-type (Cubic. See Chapter 

4.1.1), ZrO2-type (Orthorhombic phase I) and cotunnite-type (Orthorhombic phase II) structures. Thus, the 

most important form of naturally occurring SnO2 is cassiterite (tin oxide mineral), a phase of SnO2 with the 

tetragonal rutile structure [28, 34].  

 

Table 1. Crystal properties of SnO2  [35] 

Chemical name Tin (IV) oxide 

Mineral name Cassiterite 

Formula O2Sn 

Crystal structure Tetragonal rutile 

Bandgap (eV) 3.6 

Lattice Constants (nm) a = 0.474 

b =0.319 

Density  ρ (g cm−3) 6.99 

a (Å) 4.7380(1) 

b (Å) 4.7380(1) 

c (Å) 3.1865(2) 

α (°) 90 

β (°) 90 

γ (°) 90 

V (Å3) 71.5 

Space group P42/mnm 

 

 

 

2.2 DEPOSITION METHODS FOR THIN FILMS  

Thin film can be defined as a thin layer of material, where the thickness is varied from several nanometers to 

few micrometers. Like all materials, the structure of thin films is divided into amorphous and polycrystalline 

https://en.wikipedia.org/wiki/Tin(IV)_Oxide#cite_note-mfa-1
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structure depending on the preparation conditions as well as the material nature. The properties and 

versatility of the thin films can be obtained by selecting proper technique of film deposition. Thin film 

deposition methods can be broadly classified as either chemical or physical methods. The difference between 

the chemical and physical thin film deposition methods depends upon the method of depositing thin film 

material on the substrate. It can be summarized as shown in table 2 below: 

 

Table 2. Summary of physical and chemical deposition methods. 

Physical deposition Chemical deposition 

1. Evaporation techniques 

1. Vacuum thermal evaporation. 

2. Electron beam evaporation. 

3. Laser beam evaporation. 

4. Arc evaporation. 

5. Molecular beam epitaxy. 

6. Ion plating evaporation. 

1. Sol-gel technique 

2. Sputtering techniques 

1. Direct current sputtering (DC 

sputtering). 

3. Radio frequency sputtering (RF sputtering). 

2. Chemical bath deposition 

 3. Spray pyrolysis technique 

 

4. Plating 

1. Electroplating technique. 

2. Electroless deposition. 

 

Chemical vapor deposition (CVD) 

3. Low pressure (LPCVD) 

4. Plasma enhanced (PECVD) 

5. Atomic layer deposition (ALD) 

 

 

2.3 CHEMICAL SPRAY PYROLYSIS (CSP) 

Chemical spray pyrolysis is a processing technique being considered in research to prepare thin and thick 

films, ceramic coatings, and powders. Unlike many other film deposition techniques, spray pyrolysis 

represents a very simple and relatively cost-effective processing method (especially with regard to 

equipment costs). It offers an extremely easy technique for preparing films of any composition. Spray 

pyrolysis does not require high-quality substrates or chemicals [36].  
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Chemical spray pyrolysis is a process in which a thin film is deposited by pulverization of a precursor solution 

in the form of micron dimension droplets onto a preheated substrate where the precursor salts undergo 

pyrolysis to form a desired chemical compound as an adherent film from more thermally stable compound 

and volatile by-products evaporates.  This process is especially useful for the thin films deposition of metal 

oxides [37]. In the CSP method, thin films are synthesized by nebulizing fine droplets of precursor solutions 

containing metal salts and different additives (acids, complexing agents etc.) onto preheated substrates. The 

schematic diagram of the spray pyrolysis system is presented in Figure 3. The typical CSP system is composed 

of an atomizer, which helps to produce aerosols, a solution vessel, a heater, and a temperature controller 

[38]. Depending on the atomizer type used, the CSP method can be categorized into three modes: pneumatic, 

ultrasonic and electrostatic [37, 39, 40, 41]. Different parameters such as the deposition temperature, carrier 

gas, solution spray rate, concentration of starting chemicals in a solution, the distance between a spray nozzle 

and substrates, nature of the substrates and solvents have been reported to influence the film properties 

[42]. 

 

Figure 3. Scheme of the chemical spray pyrolysis system (38) 

 

 

2.3.1 PNEUMATIC SPRAY PYROLYSIS (PSP) 

Pneumatic spray pyrolysis belongs to chemical spray pyrolysis which uses pneumatic nebulizer to generate 

small droplets for the deposition of thin films. It is convenient and simple to use, inexpensive, absence of 

vacuum, easy to control the composition and microstructure and can be used for mass production. Despite 

its advantages, disadvantages include: Difficulties with determination of growth temperature, hard control 

of aerosol flow rate and film quality may depend on the droplet size and spray nozzle [37, 38].  
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2.3.2 ULTRASONIC SPRAY PYROLYSIS (USP) 

Ultrasonic spray pyrolysis method was used for the deposition of SnO2 thin film in this study. In the process 

of USP, ultrasonic atomizers have been used in order to obtain homogeneously distributed micron sized 

droplets. Generally, the precursor solution is usually vaporized using an ultrasonic atomizer, the generated 

fine droplets are transported by the carrier gas to the heated substrate. The solvent will vaporize when the 

droplets approach the substrate and the reactants will diffuse to the substrate to form thin film. USP method 

is a promising technique, which is considered to be an alternative of chemical vapor deposition and for some 

cases for Atomic Layer Deposition (ALD). Besides the advantages already mentioned in pneumatic spray 

pyrolysis, it also has advantages over pneumatic spray pyrolysis which are listed below [37, 43, 44]:  

 

(1) The gas flow rate of USP is independent of the aerosol flow rate.  

(2) Easier to control the spray flow and deposit thinner and more homogeneous layer.  

(3) The droplet size of the precursor solution is smaller.  

(4) The drop size can be decreased by increasing the ultrasonic frequency. 

(5) Possibility of high spray rate.  

(6) The place of spraying is not over-cooling. 

 

Disadvantages include [37, 43, 44]:  

(1) Spray rate is dependent on viscosity of the precursor solution. 

2.4 FORMATION OF TIN IV OXIDE BY CHEMICAL SPRAY PYROLYSIS 

Generally, in spray pyrolysis, thin films of SnO2 films are prepared by the reaction: 

 

If this reaction is completed, the resulting Sn02 would become an insulator after the completion of the 

reaction. Since the films obtained by pyrolysis decomposition are conducting, the expected reactions are:  

 

Alternately, doubly ionized oxygen vacancies predominate in SnO2 according to the defect reaction: 

 

Hence the film contains SnO2−x (VO¨)x e ′2x, where x is the deviation from stoichiometry Vo, denotes the doubly 

ionized oxygen vacancies and e' denoted the electrons, which are needed for charge neutrality on 

macroscopic scale. These defects are considered to be electron donors. Thus, the conductivity of SnO2 is due 
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to oxygen vacancies that result from incomplete oxidation of the film. The properties of tin oxide films 

depend largely on the preparation conditions. At small distances between substrate and nozzle, the 

maximum amounts of solution vapour molecules, which emerge from the nozzle, strike directly on the 

substrate before they get distributed. At sufficiently large distances the substrate receives no coating even 

after a long spraying time. Vasu et al (1990) reported that substrate nozzle distance is significant in the 

pyrolytic reaction. At high liquid flow rate and at low substrate temperature the film growth is controlled by 

the rate at which the reaction proceeds on the substrate [45, 46]. 

 

2.5 INFLUENCE OF DEPOSITION PARAMETERS ON THIN FILM PROPERTIES. 

This section deals with the influence of the main spray pyrolysis parameters on structure and properties of 

the deposited films. 

 

2.5.1 Influence of Temperature 

Chemical spray pyrolysis involves many processes occurring either simultaneously or sequentially. The most 

important of these are precursor decomposition, aerosol generation and transport, solvent and by-products 

evaporation and droplet impact with consecutive spreading. The deposition temperature is involved in all 

mentioned processes, except in the aerosol generation. Consequently, the substrate surface temperature is 

the main parameter that determines the film morphology and properties [47]. In this study, we can see in 

Chapter 4 how increase in temperature affected electrical, optical and structural properties. 

For thermal-decomposition (pyrolysis) of the solid precursor (after evaporation of the solvent), if 

temperature is not enough for pyrolysis, a layer/film from solid precursor will be obtained and desired 

compound will be not formed. Also, when we have enough temperature for pyrolysis of the precursor salt, 

the by-products are evaporated away from the system. The remaining product is more thermally stable and 

desired. Variations in temperature is often used to change the crystallinity of the film. Lastly, if the 

temperature is so high that the solvent is evaporated before droplets reach the surface of the sample, an 

unwanted porous layer is formed. 

 

2.5.2 Influence of Precursor Solution 

The precursor solution is the second important process variable. Solvent, type of salt, concentration of salt, 

and additives influence the physical and chemical properties of the precursor solution. Therefore, structure 

and properties of a deposited film can be tailored by changing composition of precursor solution. Chen et al. 

have shown that the morphology of the thin films can be changed considerably by adding additives to the 

precursor solutions [48]. Furthermore, Vasu et al observed that the growth rate of SnO2 films prepared from 

SnCl4·5H2O was higher and their resistance lower in comparison with those prepared from anhydrous SnCl4. 

The authors suggested that under identical conditions, the droplets containing SnCl4·5H2O require more 
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thermal energy to form SnO2 than those containing SnCl4. Thus, the water molecules seemed to influence 

the reaction kinetics, particularly the growth rate of the films [47, 49]. 

 

2.6 APPLICATIONS OF TIN IV OXIDE 

The surface and materials properties of SnO2 have three major applications. These applications are (i) as a 

transparent conducting oxide (TCO), (ii) as an oxidation catalyst, and (iii) as a solid-state gas sensing material. 

 

2.6.1. Transparent Conductors 

SnO2 belongs to the important family of oxide materials that combine low electrical resistance with high 

optical transparency in the visible range of the electromagnetic spectrum. These properties are sought in a 

number of applications; notably as electrode materials in solar cells, light emitting diodes, flat panel displays, 

and other optoelectronic devices where an electric contact needs to be made without obstructing photons 

from either entering or escaping the optical active area and in transparent electronics such as transparent 

field effect transistors [50], [51], [52], [53]. Another property of SnO2 and other TCOs is that although they 

are transparent in the visible they are highly reflective for infrared light. This property is responsible for 

today’s dominant use of SnO2 as an energy conserving material. SnO2-coated architectural windows, for 

instance, allow transmitting light but keeping the heat out or in the building depending on the climate region. 

More sophisticated architectural windows, so-called smart windows, rely on TCOs to electrically contact 

electrochromic films that are changing their coloring and transparency by applying a voltage across the 

films [54], [55], [56]. 

 

There is a large number of TCOs, the most commonly known ones are the binary systems, i.e. SnO2, ZnO, 

In2O3 (better known as ITO if doped with Sn), Ga2O3, and CdO [57], [58]. The coexistence of high electrical 

conductivity and optical transparency of TCOs are due to the combination of several properties of the band 

structure of these materials. These can be summarized in a simplified form as follows: (i) TCOs exhibit a wide 

optical band gap prohibiting interband transitions in the visible range. (ii) Intrinsic dopants (oxygen 

deficiency) or impurity dopants donate electrons into the conduction band. This causes a light effective mass 

of conduction electrons (in contrast to the heavy holes in these materials) and results in a uniform 

distribution of the electron charge density and hence relative low scattering. These effects contribute to the 

high mobility of the conduction electrons. (iv) A large internal gap in the conduction band prohibits inter-

conduction-band adsorption of photons in the visible range [59].  

 

2.6.2. Heterogenous Catalysts 

Many oxides mainly act as a support material for dispersed metal catalysts; tin oxide, however, is an oxidation 

catalyst in its own right. Tin-oxide based catalysts exhibit good activity towards CO/O2 and CO/NO reactions 

[60]. The activity and selectivity of tin-oxide catalysts can be substantially improved by incorporation of 
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heteroelements [61]. For instance the addition of copper, palladium [62], [63], [64], chromium and antimony 

increases the total oxidation of carbon monoxide and hydrocarbons. The role of many of these additives is 

not fully understood. Most of the additives are oxidized during operation conditions of the catalyst. A strong 

synergetic effect between the additive and SnO2 is usually proposed that is manifesting itself in several ways. 

Special active sites may be stabilized at the interface between the additive and SnO2. For example, Mo5+ has 

been identified in MoO3 catalysts supported on SnO2. It was suggested that these Mo5+ sites play an important 

role in methanol and ethanol oxidation to formaldehyde and acetaldehyde or acetic acid, respectively [65], 

[66].  

In most cases the additives form clusters supported on SnO2, for antimony, however, it is suggested that 

antimony oxide forms a solid solution with SnO2 with a strong surface segregation of Sb. Thus Sb3+ surface 

species may be the active sites. The combination of the various electronic effects on semiconducting oxides 

and the creation of special sites make it difficult to find a fundamental description and understanding of the 

role of additives; even if the catalysts were fully characterized. Dynamic changes of the catalyst during 

operation adds to the challenge of understanding complex heterogenous catalysts. The probably best-known 

example, where decades of research have not yet been able to completely explain the synergy between an 

oxide and a metal is the hugely important methanol synthesis catalyst Cu/ZnO. Since ZnO shares a similar 

electronic structure with SnO2 that gives rise to similar applications (gas sensing, and transparent conductor) 

some of the lessons learned from studying ZnO may be cautiously applied to SnO2 [59]. 

 

2.6.3 Solid state gas sensors 

Materials that change their properties depending on the ambient gas can be utilized as gas sensing materials. 

Usually changes in the electrical conductance in response to environmental gases are monitored. Many metal 

oxides are suitable for detecting combustible, reducing, or oxidizing gases. For instance, all the following 

oxides show a gas response in their conductivity: TiO2, Cr2O3, Mn2O3, Co3O4, NiO, CuO, CdO, MgO, SrO, BaO, 

In2O3, WO3, V2O3, Fe2O3, GeO2, Nb2O5, MoO3, Ta2O5, La2O3, CeO2, Nd2O3. However, the most commonly used 

gas sensing materials are ZnO and SnO2 [67]. Pure oxides exhibit gas sensing properties by themselves. In 

practice additives are often included to increase the sensitivity and selectivity to certain gases. Before we 

discuss the influence of additives on the gas response we describe the fundamental gas sensing mechanism 

of pure SnO2 in the next subsection [59]. 

 

2.7. CHARACTERIZATION TECHNIQUES FOR THIN FILMS.  

Various techniques are used for the characterization of thin film properties. In this work we investigated the 

crystallographic properties of SnO2 thin films by means of X-ray diffraction (XRD). For the analysis of optical 

characteristics, a UV-vis spectroscopy was used. Finally, for the investigation of electrical properties of SnO2 

thin films Hall effect and van der Pauw techniques were applied.  For the fast determination of conductivity 

type, hot-probe method was used. 
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2.7.1. XRD 

XRD measurements are conducted to determine phase composition and crystallographic properties of thin 

films. On the basis of XRD measurements lays the classical electromagnetic theory when an electron is 

oscillating in alternating electromagnetic field with the same frequency as the field. When an X-ray beam hits 

the atom, electrons of that atom will oscillate in the frequency of the beam. An accelerated charge emits 

electromagnetic radiation. In most cases the emitted radiation interferes destructively, however in the right 

angle of radiation the emitted radiation coincides and leave the crystal. Diffraction of X-rays is described by 

Bragg’s equation [4.5]. 

 

𝑛𝜆=2𝑑∙𝑠𝑖𝑛𝜃                                                                                                                                                                   [4.5] 

 

where λ is X-ray wavelength, d is interplanar distance, θ is angle of incidence with lattice plane and n is 

integer. X-rays with constant wavelength are radiated towards crystal lattice, radiation reflects from lattice 

atoms illustrated in Figure 6 which is captured by detector [68, 69].  

 

 

 

Figure 4. a) Scheme of XRD measurement and b) Bragg’s geometry of X-ray reflection [68]. 

The intensity of detected radiation is plotted against 2θ. As it is seen in Figure 4, the angle of radiation is 

varied to find angles where Bragg’s equation [4.5] is satisfied. These angles will generate diffraction peaks in 

the XRD pattern and these peaks can be compared with previous experimental data giving us information of 

phase composition, lattice parameters and crystallites orientation [68]. 

 

2.7.2 UV-VIS SPECTROSCOPY 

UV-vis spectrometry is applied to describe thin film optical characteristics such as transmittance, reflectance 

and absorbance which also allow determining the thickness, the absorption coefficient and the band gap of 
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the film. Transmittance and reflectance spectra are measured inside an integrated sphere which scheme can 

be seen in Figure 5. 

Figure 5. Schemes of transmittance and reflectance modes in the UV-vis spectrometry [68]. 

Transmittance and reflectance spectra are obtained by dividing transmitted or reflected light to the incident 

light. Based on these spectra the absorption coefficient, α, can be calculated by means of equation [4.6]. 

𝑇

100−𝑅
= 𝑒−𝛼𝑑 [4.6] 

where d is the thickness of the film. 

The optical band gap is evaluated from the Tauc’s relation between Eg and derived absorption coefficient. 

See equation below: 

 

(𝛼ℎ𝑣)𝑛=(ℎ𝑣−𝐸𝑔) [4.7] 

 

where A is a constant, h is Planck’s constant, ν is light frequency. The value of n number is 2 for direct 

transitions and 0.5 for indirect transitions. The linear part of a plot of (αhv)2 against photon energy (hv) is 

extrapolated to x-axis, giving the value of [Eg] [68,  70]. 

 

2.7.3 HALL EFFECT AND VAN DER PAUW 

Van der Pauw or four-point probe technique can be used to measure sheet resistance of a film. Knowing 

thickness of the sample the electrical resistivity can be also calculated. For the measurement procedure four 

points are chosen in the corners of a square in a fashion shown in Figure 6. 

The measurement is based on a relation seen in equation [4.8] 

𝑒𝑥𝑝 (
−𝜋𝑑

𝜌
𝑅𝐴) + 𝑒𝑥𝑝 (

−𝜋𝑑

𝜌
𝑅𝐵) = 1 [4.8] 

 

where d is the thickness of the thin film, ρ is the resistivity of the material, whereas RA and RB are sheet 

resistances Figure 8 [68, 71]. 
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Figure 6. Four-point probe contact illustration. [68] 

The Hall effect is due to the nature of the current in a conductor which consists of the moving charge carriers, 

typically electrons, holes, ions or all three move in a straight line. When a magnetic field is present, these 

charges experience a force, called the Lorentz force, which curve the paths of charge carriers in a manner 

that moving charges accumulate on one face of the material in Figure 9. This leaves equal and opposite 

charges exposed on the other face, where there is a scarcity of mobile charges establishing and electric field 

[68]. 

Figure 7. Scheme of Hall measurement. [68] 

 

The Hall effect is very useful as a means to measure either the carrier density or the magnetic field. 

 

2.8 CURRENT VOLTAGE CHARACTERISTICS OF SOLAR CELLS 

To characterize a solar cell, standard device performance parameters such as open circuit voltage (VOC), short 

circuit current density (JSC), fill factor (FF) and efficiency are used. These parameters are extracted from the 

graphical representation of Schockley diode equation [4.9] 

 

𝐽 = 𝐽0 (𝑒
𝑞𝑉

𝐴𝑘𝑇 − 1) [4.9] 
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where J is the diode current density, J0 is the reverse saturation current density, q is the electron charge, V is 

the voltage, A is the diode ideality factor, k is Boltzmann’s constant, and T is the temperature. When device 

is placed under a light source a light generated current density term (JL) is added to the equation [5.0]. 

 

𝐽 = 𝐽0 (𝑒
𝑞𝑉

𝐴𝑘𝑇 − 1) − 𝐽𝐿  [5.0] 

 

J-V curves for an ideal device in dark or under illumination are represented in Figure 8  [68,73]. Based on these 

dependencies the photovoltaic parameters of the solar cell can be determined. JSC is the current generated 

by the device under no applied bias (V=0) and is determined as the y-intercept of the light J-V curve in Figure 

8. VOC is defined as the applied bias at which n current flows through the device and is determined from the 

x-intercept of the light J-V curve in Figure 8. The VOC can be also determined from equation [5.0] by setting 

the condition that J=0. 

 

𝑉𝑂𝐶 =
𝑛𝑘𝑇

𝑞
𝑙𝑛 (

𝐼𝐿

𝐼0
+ 1) [5.1] 

 

It is clear that VOC is a function of dark as well as light generated current density terms equation [5.1]. The fill 

factor is a measure of the “squareness” of the curve with higher values tending towards a square response 

and lower values tending towards a straight line. The fill factor is defined as a ratio of the size of the maximum 

power rectangle to the rectangle formed by the product of the short current density and open circuit voltage, 

which can be calculated with the following equation: 

 

𝐹𝐹 =
𝑃𝑚𝑝

𝐽𝑠𝑐𝑉𝑜𝑐
 = 

𝐽𝑚𝑝𝑉𝑚𝑝

𝐽𝑠𝑐𝑉𝑜𝑐
 [5.2] 

 

Device efficiency (η) is defined as the ratio of the maximum power generated by the device (Pmp), to the 

power of the radiation incident upon it (Ps) and is calculated as follows [68].: 

𝜂 = 
𝑃𝑀𝑃

𝑃IN
 = 

(𝑉𝑂𝐶𝐽𝑆𝐶𝐹𝐹)

𝑃IN
 [5.3] 
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Figure 8. Ideal diode J-V curves for measurement in the dark and under illumination [68]. 

 

2.9 SUMMARY OF LITERATURE REVIEW 

Chapter two can be summarized as follows: 

1) Tin dioxide (stannic oxide) is the inorganic compound with the formula SnO2. The mineral form of 

SnO2 is called cassiterite, and this is the main ore of tin. They are generally regarded as an oxygen 

deficient n-type oxide  and have a wide range of applications, including transparent electrodes 

in  devices, gas sensors, and transparent heat- reflecting films. SnO2 semiconductors have been 

studied widely owing to their relatively large optical  of 3.6 eV and excellent transparency of >85% . 

2) Spray pyrolysis is a processing technique being considered in research to prepare thin and thick films, 

ceramic coatings, and powders. Unlike many other film deposition techniques, spray pyrolysis 

represents a very simple and relatively cost-effective processing method (especially with regard to 

equipment costs). It offers an extremely easy technique for preparing films of any composition. Spray 

pyrolysis does not require high-quality substrates or chemicals. 

3) Temperature and Precursor solution influences the deposition of thin films. 

4) There are various applications of tin iv oxide, but the three major applications are as a transparent 

conducting oxide, as an oxidation catalyst and solid-state gas sensing material. 

5) There are various characterization of thin films but for this paper, we would be using X-ray diffraction, 

UV-vis spectroscopy, Hall effect and van der Pauw. 
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3. EXPERIMENTAL 

3.1 Cleaning of Substrates 

 
Soda-lime glass and glass/ITO substrates (10 x 20 x 1 mm) dimensions was washed with soap solution and 

rinsed in distilled water. The substrates was then placed in ethanol and ultrasonically cleaned in ultrasonic 

bath for 30 minutes. After proper cleaning, the substrates were dried by compressed air and ready for the 

spray deposition. 

 

3.1.1. Chemicals 

The Chemicals used for deposition of SnO2 films are listed in table 3 

 

Table 3. Precursors used for the preparation of spray solution.   

Deposited 

Materials 

Precursor Formula Company Purity 

SnO2 thin films Tin (IV) chloride 

hydrate 

SnCl4.4H20 Sigma-Aldridge ≥98% 

Pure water H2O Laboratory >18 MΩ∙cm 

Hydrochloric acid HCl Sigma-Aldridge ≥98% 

 

3.1.2 Preparation of Spray Solution 

3.31g of tin (iv) chloride was added to 100 ml of pure water (with more than 18 MΩ∙cm resistivity) to make 

0.1M solution. Few drops of hydrochloric acid was added to the solution to prevent hydrolysis (Note: 

Reaction of hydrolysis of SnCl4, SnCl4 + 4H2O ⇄ Sn(OH)4 + 4HCl) and the solution was stirred for homogeneity. 

The deposition of SnO2 thin film was immediately started after the solution was ready. For this experiment, 

thin films are defined as having 50-150 nm thickness. 

 

3.2 USP apparatus and parameters 

The setup of ultrasonic spray pyrolysis is presented in Figure 9. This spray system mainly consists of an 

ultrasonic generator, air compressor, heater, temperature controller, air flow meter, pipe for transportation 

of aerosol. The temperature controller can control the temperature of the substrate. 
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Figure 9. Experimental setup for ultrasonic spray pyrolysis [37, 72]. 

 

3.3 Deposition of SnO2 thin films. 

Before deposition, the substrate was put on the center of the heater for a while in order for it to reach the 

required temperature. The deposition temperature was set on a temperature controller which controls the 

heater. The solution was then poured into the ultrasonic generator. The carrier gas flow rate was set at 5 

L/min for 5 and 10 minutes. After the heater reached the desired temperature, the ultrasonic generator was 

plugged in to generate aerosol. 

Finally, the air controller was switched on and spray deposition started. Deposition parameters of SnO2 thin 

films on different substrates are listed in Table 4. 

 

Table 4. Deposition parameters of the SnO2 thin films by ultrasonic spray pyrolysis method using 5 L/min 

carrier gas flow rate.   

Substrate Condition Substrate temperature 

(°C) 

Glass/SnO2 

0.1M/L SnO2 

5 and 10 minutes 

300 

ITO/SnO2 400 

Glass/SnO2 500 

ITO/SnO2 300 

Glass/SnO2 400 

ITO/SnO2 500 

 

3.4. Preparation of solar cell 

The structure of prepared solar cells were as follows: glass/ITO/SnO2/TiO2/Sb2Se3/C. For solar cells 

preparation was used commercial glass/ITO substrates with sheet resistance less than 12 Ω/□.  TiO2 films 

were deposited by spray using titanium tetra iso-propoxide and acetil acetonate dissolved in ethanol. As 
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absorber material was used vacuum thermal evaporated Sb2Se3 at room temperature. Graphite paste was 

used as a back electrode. 

 

3.5. Characterization methods 

3.5.1. X-ray diffraction 

The structural properties of the samples deposited onto Soda-lime glass and glass/ITO substrates were 

investigated by X-ray diffraction (XRD) using ULTIMA IV Rigaku D/Max 2500 diffractometer using a Cu Ka 

radiation (λ=1.5406 Å, 40 kV at 40 mA). The measurements were performed in 2 theta configurations with 

scan range of 20-60 ° with a step of 0.02 ° and a scanning speed of 5 °/min.  

XRD measurements were carried out with the help of Erki Kärber and Atanas Katerski. 

3.5.2. UV-visible Spectroscopy 

The total transmittance and total reflectance of SnO2 thin films on Soda-lime glass and glass/ITO substrates 

were measured by Jasco V-670 spectrophotometer with spectral range between 250 and 1500 nm. The 

optical properties were investigated. The film thickness was calculated by Spectra manager program using 

interference fringes from the spectrum of total transmittance and total reflectance.  

3.5.3. Hot probe method 

A hot point probe is a method of determining quickly whether a  semiconductor sample is n (negative) type 

or p (positive) type of conductivity. A  voltmeter was attached to glass/SnO2 and glass/ITO/SnO2 substrates, 

and a heat source, such as a soldering iron, was placed on one of the leads. n type conductivity was observed. 

 

3.5.4 Electrical Measurements  

Four probe method. 

The resistivity, charge carrier concentration and mobility were measured at room temperature using MMR’s 

Variable Temperature Hall System and a Hall and van der Pauw controller H-50. The contact material (indium) 

for electrical measurements was evaporated through mica mask, which had openings for four-point contact 

van der Pauw geometry. 

 

Current-voltage measurements. 

Current-Voltage (I-V) measurement was performed to investigate the electrical properties of TiO2 thin film 

on glass and Si substrates and the properties of SnO2 hybrid solar cells. The Autolab PGSTAT 30 system was 

used for measuring of I-V curves of the films. The software Frequency response analyzer was used to obtain 

the data. The I-V measurements were carried out with the help of Research Scientist, Atanas Katerski. The 

Current-Voltage (I-V) measurement was also performed for the SnO2 solar cells. The SnO2 solar cells were 

placed under simulated sunlight DC measurements were carried out to get the I-V curve. The out-put 

properties of the SnO2 solar cells were characterized by recording the I-V curves under simulated sunlight 

(100 mW/cm2). This measurement was carried out with the help of Research Scientist, Atanas Katerski.  
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CHAPTER FOUR 

4.1 RESULTS AND DISCUSSIONS 

4.1.1 Structural Analysis of SnO2 thin films. 

The XRD diffraction pattern of SnO2 thin films deposited for 5 min and 10 min are shown in Figure 10 below. 

According to XRD pattern, cassiterite (ICDD: 01-077-0448) was detected which revealed the polycrystalline 

nature of the film having a tetragonal structure. Although, a cubic SnO2 (ICDD: 01-071-5329. See Chapter 2) 

with orientation (111) was also detected for both graphs. No reflection connected to an additional phase was 

noticed. The film at Ts = 300 °C  crystallize in cubic polymorph. Only (111) direction of cubic SnO2 was 

detected. At 500 °C, XRD shows well defined peaks of (110), (101), (200), (211), (220), (310), (112), (321). 

Two polymorphs, cubic and orthorhombic SnO2 were detected at both 400 °C and 500 °C.  

 

a)        b) 
Figure. 10. XRD plot of sprayed SnO2 thin films deposited onto glass substrate (a) for 5min (b) for 10min. 

 
The plane (200) appears and was dominant at 500 °C. Similar observation of orientation was reported by 

Maio et al [73]. Furthermore, a report produced by S. Palanichamy revealed the polycrystalline nature of the 

SnO2 thin films and an increase in crystallinity with substrate temperature [9]. 

The crystallite size of the SnO2 thin films deposited glass/SnO2 substrates and annealed at different 

temperatures was calculated by applying the Scherrer’s formula. The equation is 

below: 

𝑑 =
𝑘𝜆

𝐵(
1

2
)𝑐𝑜𝑠(𝜃)

 [5.4] 

 
Where 
  
d – crystallite size, nm, 
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k – Shape constant, 0.9, 
 
λ=1.54 Å is the wavelength of CuKα radiation, nm, 
 
θ – Bragg’s angle in degrees, 
 
β – the FWHM in radians. 
 
From the table below, it shows that the crystallite size increases with temperature. It can also be observed 

that as the deposition temperature increased from 400 to 500 °C, crystallite size increased (See table 5) 

independently from the deposition time (see Table 5). Crystallite size increases from 1.6 to 36 nm with 

increasing temperature. The increase of crystallite size may be owing to non-uniform stress or strain during 

the grain growth or to the existence of local structural disorder in the material [74]. 

 

Table 5. Deposition temperature and crystallite size using (200) reflection of orthorhombic SnO2 thin films. 

Deposition Temperature (oC) Time (min) Crystallite size (nm) 

300 
5 2* 

10 7* 

400 
5 3 

10 5 

500 
5 33 

10 36 

* - calculated from (111) reflection of cubic SnO2 

 

4.1.2 Optical Properties 

The total transmittance spectra of the deposited SnO2 thin films with different deposition temperature (Ts) 

recorded at wavelength range 250 to 1500 nm is displayed in Figure 10. All the films exhibit high 

transmittance in the visible region as well as the IR region. Average transmittance varies between 75 to 80% 

as deposition temperature increased from 300 to 500 oC.  As observed, for temperature 300 and 400 °C, soda 

lime glass cuts the signal from SnO2 film in the shorter wavelength region. In the case of 500 °C, band-gap 

determination difficulties was due to no linear part in Tauc plot. A little shift to the band edge region for 

higher wavelengths was observed for different deposition times. 
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a)        b) 

Figure 11. Total transmittance spectra of the deposited SnO2 thin films on glass substrate (a) for 5 min (b) 

for 10 min. 

 

4.1.3 Thickness of SnO2 thin films on glass substrate. 

The thicknesses of SnO2 thin films were determined by using peaks and valleys from optical spectrum. This 

method was first reported by Swanepoel [75]. Usually to calculate the film thickness of a substrate, the total 

transmittance would be used for the thicknesses measurement of thin films on glass substrates while the 

total reflectance was selected for the thicknesses measurements of films on substrates. If the refractive index 

is known, the film thickness can be calculated using the following equation: 

 

𝑑 =
𝑝

2√𝑛2−𝑠𝑖𝑛2𝜃
×

𝜆1×𝜆2

𝜆1−𝜆2
 [5.5] 

Where 

d- film thickness, nm, 

n- refractive index, 

θ- the angle of incident light, 

p- periodicity of interference wave between peak and valley, 

λ1- the wavelength of peaks, nm, 

λ2- the wavelength of valleys, nm. 

In this study, we determined the thickness of the films by approximation based on peaks and valleys from 

optical spectrum. 

 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S007968160500050X#bib130
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4.1.4 The bandgap of SnO2 thin films deposited onto glass substrates. 

The indirect optical band gap was calculated by using the optical transmittance and reflectance for SnO2 thin 

films on glass substrates. To further characterize the optical properties of deposited SnO2 films, the band gap 

was calculated using the Tauc relation [37, 76]: 

 

𝑎(ℎ𝑣) = 𝐵(ℎ𝑣 − 𝐸𝑔)𝑚 [5.6] 

 

where 

α- the absorption coefficient, 

hv- the photon energy, eV, 

Eg- the optical band gap, eV, 

B- constant, which does not depend on the energy, 

m- constant, which characterizes electronic conversion of light absorption. (m=½ for allowed direct 

transitions, m=2 for allowed indirect transitions). 

 

The transmittance of the thin films is affected by both reflectivity and combination of absorption coefficient 

and film thickness. The equation [5.7]  is used to eliminate the effect of the interference fringes on the 

transmittance (T) and spectrum [37, 77]. 

 

𝑇

1−𝑅
= 𝑒−𝛼𝑑  [5.7] 

 

where 

α- absorption coefficient, 

d- film thickness, nm, 

T- total transmittance, 

R- total reflectance. 

https://www.sciencedirect.com/science/article/pii/S007968160500050X#bib130
https://www.sciencedirect.com/science/article/pii/S007968160500050X#bib130
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Figure 12. Optical spectrum of 
𝑇

1−𝑅
= 𝑒−𝑎𝑑  (T= transmittance, R= reflectance) [37,75]. 

The direct band gap was assumed for the films on glass substrates, so the equation two can be written as: 

 

(𝑎. ℎ𝑣)2 = 𝐵2(ℎ𝑣 − 𝐸𝑔) [5.8] 

 

The optical band gap was obtained by extrapolating the linear part of the plot of (𝑎ℎ𝑣)2against hv to the 

photon energy axis is shown in Figure 13. 

 

a)         b) 

 

     c)         

Figure 13. Band gap of SnO2 thin films on glass substrates for a) 300°C b) 400°C b) 500oC 

 

The bandgap for 300 and 500 °C is 4.0 eV while that of 400 oC is 4.1 eV. Rus et al [78] noted that in his study 

noted that for films with thickness of 55nm and above, the corresponding bandgap is from 4.1 to 4.5 eV. 

https://www.sciencedirect.com/science/article/pii/S007968160500050X#bib130
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From figure 20 above, we noticed that the soda lime glass substrates intersect the transmittance signal in the 

250 to 300 nm region. In the future, we plan to use quartz substrate to overcome this difficulty. 

 

4.1.5 Electrical properties of TiO2/SnO2, ITO/SnO2, FTO/SnO2 thin films. 

The IV curve of ITO/SnO2, SnO2/TiO2 thin films was measured by applying two graphite contacts with a 

distance (L= 5 mm) on the top of film as shown in figure 14.  

 

 

Figure 14. Image of solar cell with contacts on substrate. 

 

The IV measurements were gotten from AUTOLAB PGSTAT 30 system. SnO2/TiO2 substrate samples were 

measured at 400 to 500oC for 10 minutes. A straight line was observed for 500 oC which indicates an ohmic 

contact (See figure 15a). An Ohmic contact is a non-rectifying electrical junction that has linear current 

voltage as with ohm’s law. Low resistance ohmic contacts are used to allow charge to flow easily in both 

directions between the two conductors, without blocking due to  or excess power dissipation due to voltage 

thresholds. Low-resistance, stable ohmic contacts to semiconductors are critical for the performance and 

reliability of , and their preparation and characterization are major efforts in circuit fabrication. Poorly 

prepared junctions to semiconductors can easily show rectifying behavior by causing  near the junction, 

rendering the device useless by blocking the flow of charge between those devices and the external circuitry 

[79] . We could not get any signal for temperature 300 oC. Figure 15b shows the IV curve of SnO2 deposited 

on TiO2 glass at 300 to 500 oC for 5 minutes. A non-linear curve was observed. Both materials also appear to 

be photo sensible. 
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a)       b) 

Figure 15 a) I-V Curve of SnO2 /TiO2 for temperature 300 to 500 oC for a) 5 min. and b) for 10 min. 

 

Figure 16 shows the IV curve of SnO2 deposited on both ITO and FTO substrates. For FTO substrate, even 

though an ohmic contact is observed, there is little or no change in current density with increasing voltage. 

While for the ITO substrate, current density increases with voltage favourably at lower temperature. The 

conductivity of SnO2 deposited on FTO is not dependent on deposition temperature.  

  

 

 

a)        b)      

Figure 16. I-V Curve of a) FTO/SnO2 and b) ITO/SnO2 thin films for temperature 300 to 500 oC. 

 

4.1.6. Hall and Van der Pauw 

Table 6 shows the variation of resistivity, carrier concentration, hall co-efficient, mobility and sheet resistance 

of substrates from 300 to 500oC of SnO2 thin films. Hall Effect measurements were done using the Vander 

Pauw technique in order to determine the dominant charge carrier type, charge carrier mobility and charge 
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carrier concentration. It can be seen that the electrical resistivity of the deposited film decreases from 12 

Ω•cm to 6.2•10-3 Ω•cm with increase in substrate temperature from 300 to 5000C. The decrease of electrical 

resistivity may be due to the increased crystallite size. The charge carrier type was electrons. The density and 

hall concentration decreased with substrate temperature from 300 to 500 °C while mobility and sheet 

resistance increase. 

Oxygen vacancies and interstitials Sn ions play an important role as charge carriers. Oxygen vacancies can be 

created by controlling the substrate temperature or ambient oxygen pressure.  

 

Table 6. Density, resistivity, hall co-efficient, mobility, sheet resistance and carriers of SnO2 thin films on 

Na-lime glass substrates. 

Temperature (oC) Resistivity 

 Ωcm 

Density 

cm-3 

Type of carriers Sheet resistance 

Ω/cm2 

300 1.2·10+1 1.6·10+18 Electrons 1.2·10+6 

400 9.4·10-3 3.4·10+20 Electrons 9.5·10+2 

500 6.2·10-3 1.0·10+21 Electrons 6.2·10+2 

 

The electrical resistivity of SnO2 thin films on glass substrates is presented in Figure 17. It can be observed 

that the resistivity decreased with increasing the deposition temperature. This could be related to the theory 

that by increasing the deposition temperature, the quality of crystallite structure become better and the film 

thickness is increases [77]. The resistivity value is in a range of 101-10-3 Ωcm which is similar to the values 

reported by other researchers [9]. 

Figure 17. Graph of Resistivity vs Deposition temperature for glass/SnO2 thin films. 
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4.1.7. Solar cell properties. 

SnO2 thin films deposited at 300 OC, 400 OC, and 500 OC were tested in a solar cell with structure of 

glass/ITO/SnO2/TiO2/Sb2Se3/C. In this structure, ITO is front contact, TiO2 is window layer, SnO2 is the 

interface between window and front contact layer. The test solar cell structure did not consist of an absorber 

layer. A 3D version of the fabricated solar stack is shown in figure 18.  

 

Figure 18. 3d stack of glass/ITO/SnO2/TiO2/Sb2Se3/C solar cell structure. 

The performance of the solar cell was examined using a halogen lamp at an intensity of 100 mW/cm2. The fill 

factor and conversion efficiency of the cells were characterized by the following equation below: 

 

𝐹𝐹 =
𝐼𝑚𝑎𝑥×𝑉𝑚𝑎𝑥

𝐼𝑠𝑐×𝑉𝑜𝑐
,% [5.9] 

Where 

Imax- maximum output of current ,A, 

Vmax - maximum output of voltage, V, 

Isc  - short-circuit current, A, 

Voc - open-circuit voltage, V. 

 

The total energy conversion efficiency was defined as follows: 

 

 𝜂 =
𝐼𝑆𝐶×𝑉𝑂𝐶×𝐹𝐹

𝑃in
,% [6.0] 

 

Where 

Isc -  short-circuit current, A, 

Voc - open-circuit voltage, V, 

FF- fill factor, 
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Pin- intensity of the incident light, w. 

Figure 19 shows the I-V curves of SnO2 solar cells at different deposition temperature. The parameters of the 

performances of TiO2 solar cells are as summarized in Table 7. The I-V measurements were performed under 

the illumination intensity of 100 mw/cm2, it can be seen from Table 7 that the out-put characteristics of the 

open circuit voltage (Voc) improved from 0 mV to 317 mV then decreased to 304 mV at 500 oC. The short 

circuit  current is very low because of its non-optimized conditions for  absorber layer.  

 

Figure 18. The I-V characteristics of solar cell structure glass/ITO/SnO2/TiO2/Sb2Se3/C contact, where SnO2 

thin films are deposited by ultrasonic spray pyrolysis at 300 TO 500OC . 

 

Table 7: Out-put parameters of solar cell structure glass/ITO/SnO2/TiO2/Sb2Se3/C where SnO2 thin films 

are deposited by ultrasonic spray pyrolysis at 300 to 500OC. 

 

Temperature (oC) Voc (mV) Jsc (mA/cm2) FF (%) Efficiency (%) 

300 0 0 0 0.00 

400 317 0.01 31 0.01 

500 304 0.02 40 0.01 
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CHAPTER FIVE 

CONCLUSIONS 

The main objective of this research is to study the SnO2 thin films as an interfacial layer for thin film solar 

cells. SnO2 acts prevents charge electrical losses at the electrodes thereby prolonging the lifetime and 

improving the output parameters of the solar cell. SnO2 was deposited onto glass, ITO or FTO coated glass 

substrates by ultrasonic spray pyrolysis method. The effect of deposition and time on the structural, optical, 

electrical properties and the performance of SnO2 thin films in solar cell with structure of 

glass/ITO/SnO2/TiO2/Sb2Se3/C were investigated. They were then characterized by optical measurements, 

XRD and hot probe.  

 

The key findings obtained from this study are highlighted below:  

 

1) The XRD data reveals that the film at Ts = 300 °C has a cubic structure and orthorhombic 

crystallization of SnO2 appears at about 400 °C and above. It was also be observed that as the 

deposition temperature increased from 400 to 500 °C, crystallite size increased independently from 

the deposition time from 2 to 33 nm for 5 minutes and from 7 to 36 nm for 10 minutes deposition 

respectively. 

 

2) For optical properties, all films exhibited high transmittance in the visible region as well as the IR 

region. Average transmittance varied between 75 to 80% as deposition temperature increased from 

300 to 500 oC. In the case of sprayed SnO2 thin films deposited at 300 °C, in shorter wavelength region 

the soda lime glass could not transmit light and was cut from the spectrum of the SnO2. A little shift 

to the band edge region for higher wavelengths was observed for different deposition times for 

samples deposited at 500 °C. The observed band gap of deposited SnO2 thin films was between 4.0 

and 4.1 eV which corresponded with the literature. 

 

3) Overall, the resistivity and sheet resistance of SnO2 films was found to decrease with increasing 

temperature. The resistivity value of films on glass substrate was between 103 to 10-3 Ωcm. The 

carrier type was electrons and the density values were found to be between 1018 to 1021. 

 

4) The graph of current versus voltage for ITO/SnO2 and FTO/SnO2 displayed ohmic behavior at 400 to 

500oC and diode behavior at 300oC and the conductivity of SnO2 deposited on FTO is not dependent 

on deposition temperature. Furthermore, the material was observed to be photo sensible. 
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5) SnO2 characteristics can be managed to achieve desirable properties. 

 

 

6) With further study, undoped SnO2 can be as an interface between the TiO2 window layer and ITO 

layer to prevent electrical losses due to barrier. 

 

RECOMMENDATIONS FOR FUTURE WORK. 

It is recommended to produce SnO2 thin films with different concentrations, spray rate, temperatures and 

observe how these parameters influences the characteristics of these thin films.  
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                                                                            ABSTRACT 

Due to its unique electronic and optical properties, tin oxide has gained much attention in the field of 

photovoltaics. This research offers to determine the best conditions for the improvement of component layer in 

solar cell structure. SnO2 thin films were synthesized by ultrasonic spray pyrolysis (USP) onto glass substrates at 

various deposition temperatures (between 300 and 500 °C) using anhydrous SnCl4 · 4H2O as a precursor. The 

films were investigated for structural, optical and electrical properties using X-ray diffraction (XRD), UV-VIS 

NIR spectrophotometry, hot probe and I-V measurement respectively. All the films display high transmittance in 
the visible region with average transmittance varying from 75 to 85 %. XRD analysis showed the polycrystalline 

nature of our samples. Crystallite size increased from 1.6 nm to 36 nm with increasing deposition temperature. 

Resistivity decreased from 200 ·103 Ohmcm to 78 ·103 Ohmcm with increasing temperature. 

Keywords: Thin films, Chemical spray pyrolysis, Spray rate, SnO2 

 

1. INTRODUCTION 

Tin dioxide (SnO2) has gained much attention in the field of photovoltaics and 

optoelectronics due to the optical bandgap (3.6 eV), electrical properties (high conductivity 

and mobility), useful structure, abundance, mechanical hardness, thermal stability in oxidizing 

environments at high temperature and chemical stability [1, 2]. They are generally regarded as 

an oxygen deficient n-type oxide semiconductor. Doped with fluorine SnO2 (FTO) can be 

used as a transparent conductive oxide in solar cells [3]. This material is more stable and 

useful for electrode material in solar cells compared to Indium-Tin-Oxide (ITO) [4].  

 

In this paper, we are looking at the various possibilities of using undoped SnO2 to 

improve our glass/ITO/TiO2/SbS3/back contact solar cell configuration. One of such 

possibilities is the use of SnO2 thin films in the window layer (TiO2) owing to its better optical 

properties or as an intermediate buffer layer between the ITO/TiO2 layer of our solar cell [5]. 

This is because the conductivity of SnO2 can be easily managed. Additionally, due its useful 

band structure, high transmittance and stability, they could be used to replace component 

parts or act as a buffer layer between the front contact electron transport material (ETM) or 

between the ETM and absorber [6,7]. A broad range of studies has been done in the 

implementation of SnO2 thin polycrystalline films in Perovskite solar cells (PSC) [6,7,8,9]. 

Xiong et al noted a higher efficiency of 20.79% [6]. Hagfeldt and co-workers developed a 

chemical bath post- treatment SnO2 PSCs that yielded efficiencies of close to 21%. An 

impressive certified record efficiency of 20.9% has been achieved by You and co-workers 

with SnO2 nanoparticle planar PSCs. Due to this feat, we intend to use SnO2  to improve our 

solar cell configuration. 
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Various types of techniques have been used for the deposition of SnO2 such as ultrasonic 

spray pyrolysis (USP) [2, 10], sol-gel method [11], chemical spray pyrolysis [13]. D. 

Jadsadapattarakul et al reported the microstructure of SnO2 thin films deposited by ultrasonic 

spray pyrolysis technique [2]. Sehrish et al investigated the photovoltaic properties of SnO2 

using sol-gel method [11] while S. Palanichamy et al have reported on the physical properties 

of SnO2 thin films using nebulised spray pyrolysis [10] at different temperatures. SnO2 thin 

films can be deposited using a variety of physical and chemical deposition techniques among 

which USP is a well-developed and economically viable method for depositing uniform thin 

films over large area [14]. USP is a processing technique being considered in research to 

prepare thin and thick films, ceramic coatings, and powders. Unlike many other film 

deposition techniques, it represents a very simple and relatively cost-effective processing 

method (especially regarding equipment costs). It offers an extremely easy technique for 

preparing films of any composition. USP does not require high-quality substrates or 

chemicals [15, 16]. 

 

The aim of this paper is to successfully deposit uniform transparent SnO2 thin films by 

USP method onto different substrates (glass and glass/ITO) which are useful for photovoltaic 

applications and to investigate their structural and electrical properties. 

2. EXPERIMENTAL DETAILS 

SnO2 thin films were deposited by ultrasonic spray pyrolysis (USP) technique using an 

aqueous solution containing 0.1M tin (IV) chloride hydrate (98% Sigma-Aldridge) in 100 ml 

of pure water (with more than 18 MΩ·cm resistivity). Few drops of hydrochloric acid was 

added to prevent hydrolysis. To prepare good quality films without contamination, the soda-

lime glass and glass/ITO sheets with (10 x 20 x 1 mm) dimensions were cleaned and used as a 

substrate on which tin oxide thin films were grown. For this experiment, thin films are 

defined as having 50-100nm thickness. 

 

The experimental setup and detailed discussion of USP technique has already been 

published [2, 12]. The glass substrates were then sprayed at the rate of 5 l/min for 5 minutes 

and 10 minutes at temperatures ranging from 300-500 oC. Optical measurements was 

performed by measuring total transmittance and reflectance using Jasco-V670 

spectrophotometer in the wavelength range of 250 to 1500 nm. XRD patterns were obtained 

using ULTIMA IV Rigaku D/Max 2500 diffractometer using a Cu Ka radiation (λ=1.5406 Å, 

40 kV at 40 mA). N type conductivity was proved by using hot probe. The value of slope 

contact behavior and area of contact was obtained from AUTOLAB program while the 

thickness of the film was determined by optical measurements and used to calculate 

resistivity. 

3. RESULTS AND DISCUSSIONS 

3.1. Structural Analysis 

The XRD diffraction pattern of SnO2 thin films deposited for 5 min and 10 min are 

shown in Fig 2 below. According to XRD pattern, cassiterite (ICDD: 01-077-0448) was 

detected which revealed the polycrystalline nature of the film having a tetragonal structure. 

Although, a cubic SnO2 (ICDD: 01-071-5329) with orientation (111) was also detected for 

both graphs. No reflection connected to an additional phase was noticed. The film at Ts = 300 

°C has an amorphous structure and crystallization of SnO2 appears at about 400 °C and above. 

The peak intensity value was substantially raised at 500 °C. It can also be observed that as the 
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deposition temperature increased from 400 to 500 °C, crystallite size increased independently 

from the deposition time (see Table 1). The plane (200) appears and was dominant at 500 °C. 

Similar observation of orientation was reported by Maio et al [18]. Furthermore, a report 

produced by S. Palanichamy revealed the polycrystalline nature of the SnO2 thin films and an 

increase in crystallinity with substrate temperature [2]. 

 

a) b)  

Fig. 1.XRD plot of sprayed SnO2 thin films deposited onto glass substrate (a) for 5min (b) for 

10min. 

3.2. Optical Properties 

The total transmittance spectra of the deposited SnO2 thin films with different deposition 

temperature (Ts) recorded at wavelength range 300 to 1500 nm is displayed in Figure 2. All 

the films exhibit high transmittance in the visible region as well as the IR region. Average 

transmittance varies between 75 to 80% as deposition temperature increased from 300 to 500 

oC.  As observed, for temperature 300 and 400 °C, soda lime glass cuts the signal from SnO2 

film in the shorter wavelength region. In the case of 500 °C, band-gap determination 

difficulties was due to no linear part in Tauc plot. A little shift to the band edge region for 

higher wavelengths was observed for different deposition times. 

 

a) b)  

Fig. 2. Total transmittance spectra of the deposited SnO2 thin films on glass substrate (a) for 5 

min (b) for 10 min. 
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a)                                                          b) 

Fig. 3. Band gap of SnO2 thin films on glass substrates for a) 300°C b) 400°C c) 500oC. 

 

The bandgap for 300 and 500 °C is 4.0 eV while that of 400 oC is 4.1 eV. Rus et al [23] 

noted that in his study noted that for films with thickness of 55nm and above, the 

corresponding bandgap is from 4.1 to 4.5 eV. From figure 20 above, we noticed that the soda 

lime glass substrates intersect the transmittance signal in the 250 to 300 nm region. In the 

future, we plan to use quartz substrate to overcome this difficulty. 

3.3. Electrical properties of TiO2/SnO2, ITO/SnO2, FTO/SnO2 thin films 

The IV curve of ITO/SnO2, SnO2/TiO2 thin films was measured by applying two graphite 

contacts with a distance (L= 5 mm) on the top of film as shown in figure 4. The IV 

measurements were gotten from AUTOLAB PGSTAT 30 system. SnO2/TiO2 substrate 

samples were measured at 400 to 500oC for 10 minutes.  

 

 

 

file:///D:/mnt/win/Atanas_2005/Supervising/Vivian_Nwakolo_Jessica/CYSENI-2019/paper/Downloads/www.cyseni.com


             CYSENI 2019, May 23-24, Kaunas, Lithuania 

             ISSN 1822-7554, www.cyseni.com 

 

 

5 

 

 

Fig. 4. Image of solar cell with contacts on substrate. 

The IV measurements were gotten from AUTOLAB PGSTAT 30 system. SnO2/TiO2 

substrate samples were measured at 400 to 500oC for 10 minutes. A straight line was observed 

for 500oC which indicates an ohmic contact (See figure 5a). An Ohmic contact is a non-

rectifying electrical junction that has linear current voltage as with ohm’s law. Low resistance 

ohmic contacts are used to allow charge to flow easily in both directions between the two 

conductors, without blocking due to rectification or excess power dissipation due to voltage 

thresholds. Low-resistance, stable ohmic contacts to semiconductors are critical for the 

performance and reliability of semiconductor devices, and their preparation and 

characterization are major efforts in circuit fabrication. Poorly prepared junctions to 

semiconductors can easily show rectifying behavior by causing depletion of the 

semiconductor near the junction, rendering the device useless by blocking the flow of charge 

between those devices and the external circuitry [24] . We could not get any signal for 

temperature 300 oC. Figure 5b shows the IV curve of SnO2 deposited on TiO2 glass at 300 to 

500oC for 5 minutes. A non-linear curve was observed. Both materials also appear to be photo 

sensible. 

 

Fig.5. a) I-V curve of SnO2 /TiO2 for temperature 300 to 500oC for a)  5 min. and b) for 

10 min. 
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Figure 6 shows the IV curve of SnO2 deposited on both ITO and FTO substrates. For FTO 

substrate, even though an ohmic contact is observed, there is little or no change in current 

density with increasing voltage. While for the ITO substrate, current density increases with 

voltage favourably at lower temperature. The conductivity of SnO2 deposited on FTO is not 

dependent on deposition temperature.  

  

Fig.6. I-V Curve of FTO/SnO2 and ITO/SnO2 thin films for temperature 300 to 500oC. 

3.4. Hall and Van der Pauw 

Table 1 shows the variation of resistivity, carrier concentration, hall co-efficient, mobility and 

sheet resistance of substrates from 300 to 500oC of SnO2 thin films. Hall Effect 

measurements were done using the Vander Pauw technique in order to determine the 

dominant charge carrier type, charge carrier mobility and charge carrier concentration. It can 

be seen that the electrical resistivity of the deposited film decreases from 12 Ω•cm to 6.2•10-3 

Ω•cm with increase in substrate temperature from 300 to 5000C. The decrease of electrical 

resistivity may be due to the increased crystallite size. The charge carrier type was electrons. 

The density and hall concentration decreased with substrate temperature from 300 to 500 °C 

while mobility and sheet resistance increase. 

Oxygen vacancies and interstitials Sn ions play an important role as charge carriers. Oxygen 

vacancies can be created by controlling the substrate temperature or ambient oxygen pressure. 

 

Table 1. Density, resistivity, hall co-efficient, mobility, sheet resistance and carriers of SnO2 

thin films on Na-lime glass substrates. 

Temperature (oC) Resistivity 

 Ωcm 

Density 

cm-3 

Type of carriers Sheet resistance 

Ω/cm2 

300 1.2·10+1 1.6·10+18 Electrons 1.2·10+6 

400 9.4·10-3 3.4·10+20 Electrons 9.5·10+2 

500 6.2·10-3 1.0·10+21 Electrons 6.2·10+2 
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The electrical resistivity of SnO2 thin films on glass substrates is presented in Figure 7. It can 

be observed that the resistivity decreased with increasing the deposition temperature. This 

could be related to the theory that by increasing the deposition temperature, the quality of 

crystallite structure become better and the film thickness is increases [25]. The resistivity 

value is in a range of 101-10-3 Ωcm which is similar to the values reported by other 

researchers [2]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Graph of Resistivity vs Deposition temperature for glass/SnO2 thin films. 

3.5. Solar cell properties 

SnO2 thin films deposited at 300 OC, 400 OC, and 500 OC were tested in a solar cell 

with structure of glass/ITO/SnO2/TiO2/Sb2Se3/C. In this structure, ITO is front contact, 

TiO2 is window layer, SnO2 is the interface between window and front contact layer. The test 

solar cell structure did not consist of an absorber layer. A 3D version of the fabricated solar 

stack is shown in figure 8. The performance of the solar cell was examined using a halogen 

lamp at an intensity of 100 mW/cm2. 

 

 
 

 

Figure 8. 3d stack of glass/ITO/SnO2/TiO2/Sb2Se3/C solar cell structure. 
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Figure 9 shows the I-V curves of SnO2 solar cells at different deposition temperature. The 

parameters of the performances of TiO2 solar cells are as summarized in Table 7. The I-V 

measurements were performed under the illumination intensity of 100 mw/cm2, it can be seen 

from Table 7 that the out-put characteristics of the open circuit voltage (Voc) improved from 0 

mV to 317 mV then decreased to 304 mV at 500 oC. The short circuit  current is very low 

because of its non-optimized conditions for  absorber layer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. The I-V characteristics of solar cell structure glass/ITO/SnO2/TiO2/Sb2Se3/C 

contact, where SnO2 thin films are deposited by ultrasonic spray pyrolysis at 300 TO 500OC. 

 

 

Table 2. The I-V characteristics of solar cell structure glass/ITO/SnO2/TiO2/Sb2Se3/C 

contact, where SnO2 thin films are deposited by ultrasonic spray pyrolysis at 300 to 500OC . 

 

Temperature (oC) Voc (mV) Jsc (mA/cm2) FF (%) Efficiency (%) 

300 0 0 0 0.00 

400 317 0.01 31 0.01 

500 304 0.02 40 0.01 

 

 

CONCLUSION 

 

USP method was used to deposit uniform and homogenous SnO2 thin films. The 

influence of time and temperature on deposited glass substrate was studied. XRD deposited. 

SnO2 thin films showed tetragonal structure at deposition temperatures higher than 400. The 

thin films deposited at 300 °C displayed amorphous behavior. At Ts = 300°C, crystallite size 

of films is about 1.6 nm and increases at higher deposition temperature. Additionally, this 

paper establishes the role of deposition temperature on electrical and optical properties as well 

as structure of SnO2 thin films. It was observed that at higher deposition temperatures 

resistivity decreases. This implies that by using USP method, resistivity can be easily changed   
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by varying temperature. This could be used to determine best conditions for the improvement 

of component layer in solar cell structure. All films exhibited high transmittance in the visible 

region as well as the IR region. Overall, the resistivity and sheet resistance of SnO2 films was 

found to decrease with increasing temperature. The resistivity value of films on glass 

substrate was between 103 to 10-3 Ωcm. The carrier type was electrons and the density values 

were found to be between 1018 to 1021. 
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