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Abstract 

 

Transparent conducting oxides (TCO) materials have become technologically 

very important class of materials due to optically transparent and electrical conducting 

properties at the same time. An advanced version of spray pyrolysis technique which is 

known as rotational, pulsed and atomized spray pyrolysis (RPASP) was developed and 

deployed to fabricate One-dimensional (1-D) nanostructured fluorine doped tin oxides 

(FTO) thin films. This technique is versatile and deployed to prepare thin films of 

various nanotechnological architectures of fluorine-doped tin (IV) oxide (FTO) layers 

on glass surfaces. The different spray parameters have been controlled in order to 

fabricate FTO nanoparticles, cross-link nanorods, vertically aligned nanorods, hollow 

nanorods and needle type 1D nanostructured thin films on glass substrate. 

 RPASP was shown as a viable, and attractive, deposition technique for the 

synthesis of fluorine doped tin oxides one- dimensional nanostructured thin films, 

which allows for the perfect controllable spray directions for the fabricate vertically 

aligned FTO nanorods. Spraying at low angle to the substrate is mandatory for the 

growth of of vertically aligned nanorods.  
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Spraying at low angle or horizontal to the substrate facilitate to sweep the 

aerosol spray of the fine atomized particles on the glass substrate and as a result 

density between the particles become high. Therefore, FTO crystal tends to grow 

along vertical direction with the pyrolysis process at higher substrate temperature. 

But, vertical or higher angle spraying of the SPD technique only facilitate to 

synthesize thin films consist with FTO nanoparticles. The preferential orientation of 

nanorods crystallites along the (101) direction and prepared nanorods thin film showed 

an excellent transparency of 84.8% and a low resistance of 26.7 Ω/sq.  

This technique allows for the perfect control of morphology of 

nanotechnological architectures of FTO, which can be achieved simply by controlling 

spray duration. As such, 0-D nanocrystallites, 1-D uncapped nanorods and 1-D capped 

nanorods; all in 2-D thin layers, and extensively cross-linked 3-D nanotechnological 

architectures of FTO can be prepared, on soda lime glass surfaces. This is the first time 

study on kinetically-controlled growth of different nanotechnological architectures of 

FTO, using the same technique.  
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X-Ray Diffraction (XRD), Scanning Electron Microscopic (SEM) and X-Ray 

Photoelectron Spectroscopic (XPS) data show excellent correlations. The 

one-dimensional FTO thin films are crystallized in the tetragonal rutile structure, with a 

preferential orientation of their crystal along the (101) direction. They exhibit an 

excellent transparency in the visible range of the electromagnetic spectrum. As evident 

from XPS data, FTO uncapped nanorods were found to contain more Sn2+ sites on their 

surfaces when compared to those of other nanotechnological architectures. ATR-FT-IR 

spectrum shows F-Sn-F and F-Sn stretching vibrations in all forms of FTO 

nanostructures. Thin layers have optical transmissions in the range 70% to 85%, in the 

visible range of the electromagnetic spectrum. This technique is versatile and is not 

limited only to fabricate FTO nanostructures, but, it can also be used to fabricate thin 

layers of nanotechnological structures of different dimensionalities of various materials 

on various substrates, which is capable to withstand required pyrolytic temperatures. 

 The effect of the fluorine concentration to the growth of FTO hollow nanorods 

at higher spray direction to the substrate was also investigated. The experiment was 

conducted at higher spray angle to the substrate while controlling the fluorine 

concentration of the spray precursor solution.  
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The incorporation of fluorine to tin dioxide has resulted to enhance the grain 

size of FTO thin films and hollow nanorods could be obtained with higher fluorine 

concentration. The fluorine ions substitute to the oxygen vacancies in the proper lattice 

position of tin oxide in the initial stage and the crystal size increased with the pyrolysis 

process. However, high concentration of fluorine affects as the impurities to the crystal 

structure and it restricted the growth of FTO crystal in horizontal direction but allowing 

to grow in the vertical direction. As a result, FTO hollow type nanorods has formed with 

the spray time duration. The fabricated nanorods show cubic structure of the tin dioxide 

with (111) direction as the preferred orientation. The deposition of sufficient amount of 

fine atomized FTO particles at fast rate with low spray nozzle distance has coursed to 

the growth of cubic crystal of tin oxide as it makes high pressure on the substrate. The 

film morphology, texture and transmittance properties of the thin films are show good 

interaction with each other. 

 The effect of the different additives for the crystal growth of FTO 1-D 

nanostructured thin films was investigated. It clearly shows that the different additives 

in the precursor solution are effected to improve both verticality and dimension of the 

FTO nanorods.  
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Vertically align and well separated nanotubes easily fabricate with propanone 

and ethanol as additives. We suggest that propanone addition plays a role to form 

vertically align nanorods with (101) preferential orientation while (110) face was the 

predominant plane of well separated nanorods with ethanol added solution.  

The thin films prepared by using only water based solution was unable to grow 

separated 1-D nanostructures and growth of vertically aligned FTO nanorods could not 

be able to obtained with isopropanol as additives in the spray precursor solution. The 

conductivity of the 1-D nanostructured thin films also enhanced with commercial FTO 

glasses as the substrate. However, the preferred crystal growth orientation of the 

nanorods on commercial FTO glass substrate was along (200) direction due to the effect 

of the main FTO conducting layer. 

The performance of the dye-sensitized solar cells was compared by assembling 

DSSCs with our 1-D nanostructured FTO thin films and commercially available FTO 

glasses. It clearly showed that the fill factor and open circuit voltage enhanced with 

FTO nanorods thin films as the front electrode of the DSSCs. However, the efficiency of 

the DSSCs with 1-D nanostructures was comparatively low due to the low film 

thickness of the photoactive electrode, 
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And further development of the DSSCs fabrication technique with FTO 

nanorods need to be studied.      
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List of Analytical Techniques: 

 

� Scanning Electron Microscopy: SEM was performed using a JEOL 

JSM-6320F Field Emission SEM at an accelerating voltage of 5 keV.  

  

� X-ray Diffraction measurements: To analyze crystallinity and orientation of 

the samples, were completed using a Rigaku RINT Ultima-III X-ray diffractometer 

with Cu Kα, λ = 1.541836 Å voltage of 40 kV and current of 40 mA were used. The 

diffraction pattern was taken over 10-70º 2θ. The data were analyzed using PDXL 

and PCPDFWIN XRD analysis software 

 

� UV/Visible Transmission Spectroscopy: was performed using a JASCO 

V-630 spectrometer in the wavelength range from 200nm to 800nm.  

 

� X-ray Photo electronics Spectroscopy:  was studied using a Shimadzu, 

ESCA-3400. 
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� Fourier Transform Infrared Spectroscopy: were recorded on JASCO 

FT/IR 6300 Fourier Transformed Spectrometer at a resolution of 4 cm-1 with a 

spectral range of 400cm-1 -700cm-1. 

 

� Sheet Resistance: measurements were obtained using an ‘in house set-up’ linear 

four point probe Hewlett Packard 34401 a multimeter.  
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CHAPTER 01 

Introduction 

 

The following research work describes the results obtained from a laboratory 

experiment about the fluorine- doped tin oxide semiconductor material to fabricate one-

dimensional nanostructured thin films for dye-sensitized solar cells application. The 

novel spray pyrolysis deposition technique which is known as “Rotational, Pulsed and 

Atomized Spray Pyrolysis Deposition” was designed and developed to synthesize 

fluorine-doped tin oxide nanorods thin films on glass substrate. Different spray conditions 

and parameters were controlled to obtained FTO nanostructures as required. 

 

1.1 Thesis Overview 

 

The first introductory chapter gives the details about transparent conducting 

oxide (TCO) materials and their application as thin films. It covers the basic techniques 

for the growth of transparent conducting oxides thin films. Also explain the parameters 

to select transparent conducting oxide materials for different applications and the reasons 

for selecting fluorine-doped tin oxide (FTO) as our semiconductor material. 
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 Finally, this introductory chapter describe the advantages of one-dimensional 

nanostructured thin films and their application as a working electrode of the dye-

sensitized solar cells. 

 

Chapter 2 describe the design and development of our advanced spray pyrolysis 

deposition technique which is known as Rotational, Pulsed and Atomized SPD (RPASP) 

for the thin films fabrication. The working mechanisms, process parameters, advantages 

and disadvantages of the RPASP technique discuss with respect to the conventional SPD.  

We have investigated the proper method to grow one-dimensional nanostructured FTO 

thin films by controlling the spray directions and their characterization discuss in details.    

 

Chapter 3 details the effect of spray duration for the crystal growth of one-

dimensional nanostructured FTO thin films. The surface morphology and other 

characterizations technique presented in details.  

 

Chapter 4 reports another method to fabricate FTO nanorods by controlling the 

fluorine doping concentrations of the precursor solution. The effect of higher fluorine 

concentration for the crystal growth of FTO nanorods explore and results discuss with 
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experimental details. 

 

Chapter 5 describe the formation of one-dimensional nanostructured FTO thin 

films with the improvement of conductivity. The effect of the different additives 

(propanone, ethanol and isopropanol) for the crystal growth of vertical aligned and well 

separated FTO nanorods are investigated. Finally, we review the performance of the dye-

sensitized solar cells with our FTO nanorods as the front electrode. 

 

Chapter 6 state the final conclusion of the results presented in this thesis with 

developmental implications and future perspective of the current research.  

 

1.2 Transparent Conducting Oxide materials   

 

Transparent conducting oxides (TCOs) have become a technologically very 

important class of material due to the good optical transmittance while at the same time 

good electrical conductivity. These TCO thin films are semiconductor materials with 

wide bandgap (3 eV) structure. Therefore, thin layers are used in versatile electronic and 

opto-electronic applications including, but not limited to, flat panel displays [1], 
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 frost-resistant surfaces[2], aircraft windshields[3], gas-sensors[4], infrared-

reflective coatings[5], energy-efficient windows[6], photovoltaic solar cells[7, 8] and 

electrochromic[9], electroluminescent[10], liquid crystal[11], plasma, field emission etc. 

display devices. 

 

The first evidence of the TCO material thin film was published in 1907 by K. 

Badeker. He has used cadmium metal to coat thin film by using a sputter technology [12]. 

There are two types of TCO materials namely, n-type and p-type. One way of developing 

n-type TCO materials is to dope semiconducting solids by other cations of approximately 

the same size, but with a higher valence; usually +1 higher than that of its own cation. In 

this way, n-type, wide band-gap semiconducting oxides, such as In2O3, ZnO, CdO, TiO2 

etc., have been doped with cations of valences +1 higher than that of the cation of the 

respective solid. Sn4+-doped In2O3 (Indiumtin oxide, ITO)[13,14], Al3+-doped ZnO 

(AZO)[15], B3+-doped ZnO (BZO)[16], Ga3+-doped ZnO (GZO)[17], In3+-doped CdO 

(ICO)[18] and Nb5+-doped TiO2 (titaniumniobium oxide, TNO)[19] are typical examples 

for such n-type TCO materials[20]. TCO materials can also be prepared from n-type, 

large band-gap, semiconducting oxides by substituting some O2- ions by anions of similar 

size but lesser charge, such as F-, as in the cases of FTO and F--doped ZnO[21].  
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There are some binary TCO materials which were developed aiming at 

enhancing both optical and electrical properties though their performances are inferior. 

Some examples for such binary TCOs are phase-segregated ZnO-SnO2, CdO-SnO2, and 

ZnO-In2O3.[22] Some ternary compounds tested for TCOs include Zn2SnO4, ZnSnO3, 

Zn2In2O5, Zn3In2O6, In2SnO4 and CdSnO3.[23,24]  Some other novel TCOs include 

GaInO3 doped with Ge or Sn,[25] AgInO2 doped with Sn[26], MgIn2O4, CdSb2O6 doped 

with Y[27], Ga2O4, In4Sn3O12 and CdIn2O4 doped with Sn[28].  

 

While all of the TCO materials, which are mentioned above, are n-type materials, 

p-type TCO materials have also been developed, though they are yet to be applied in 

industrial use. The first p-type TCO material reported was CuAlO2 which was synthesized 

by Kawazoe et al. in 1997[29] [30]. CuBO2 and CuGaO2 are other such p-type TCO 

materials [31, 32]. Recent advances in computational chemistry also enabled the design 

of Li+-doped Cr2MnO4 as such a novel, p-type, TCO material[33].  
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1.3 Thin film Deposition Techniques 

 

Basically, there are two ways to produce thin films, which in their broadest 

senses, can be categorized as chemical depositions and physical depositions [34, 35, 36]. 

In chemical deposition processes, the precursor in a fluidic form, usually as a solution, is 

brought to the surface of the solid, on which the thin layer is to be deposited, for the 

desired chemical reaction to take place at the surface, and hence to deposit the required 

material on the solid surface. There are several chemical deposition techniques which 

include electroless plating and electroplating, chemical bath deposition (CBD) [37], spin 

coating [38], chemical vapor deposition (CVD) [39], plasma-enhanced chemical vapor 

deposition (PCVD), atomic layer deposition (ALD) and spray pyrolytic deposition (SPD) 

[40]. In the physical deposition, precursor in solid phase is evaporated either by heating 

under vacuum or by using a focused electron beam or a focused ion beam and 

subsequently deposited from the vapor phase, onto the substrate surface, the processes of 

which are commonly known as physical vapor depositions (PVDs). Molecular beam 

epitaxy, pulsed laser deposition, cathodic arc deposition and electrospray deposition are 

some other physical deposition techniques [41, 42, 43, 44]. Out of these processes, SPD 

techniques are versatile yet very simple. 
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In our study, we have designed and developed cost effective advance version of 

SPD technique to fabricate TCO thin films. This technique known as Rotational, Pulsed 

and Atomized SPD and detail information about the instrument is discuss in the chapter 

2.   

 

1.4 Metal Oxide Selection for TCO materials 

 

Thin films are used in a wide range of technological applications which include 

fabrication of electronic, optoelectronic, photoelectrochemical, photochromic, 

electrochromic, thermochromics, mechanochromic, and so on, devices. Even though, 

there are many types of TCO materials in the research field, the performance of the 

applications depend on the materials to materials. Therefore, the selection of transparent 

conducting oxide material for any particular application is very important. However, a 

number of chemical and physical features are correlated to the performance of a TCO in 

any technological application. 

 

The properties such as figure of merit, conductivity, optical performance, 

plasma frequency, work function, physical, chemical and thermal stability, minimum 
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deposition temperature, etchability and toxicity, stability in hydrogen plasmas, 

mechanical hardness and production cost are the very important factors need to consider 

for the better selection of TCOs. Anyway, no one TCO material is well applicable for all 

applications and that depend on which properties of material is most important [45].  

 

Despite the discoveries of a large number of TCO materials, the work horse in 

the TCO film technology is still ITO. This is due to its impressive optical and electronic 

properties, though, these properties may depend on the extent of substitution, grain size, 

number of grain boundaries, film thickness, preferred orientation of particles, and so 

on[13]. Thin films of ITO used in technological applications have electronic conductivity 

of over 104 S cm-1, and optical transmission of over 80% in the visible range, with carrier 

density exceeding 1020 cm-3 [46]. However, ITO is associated with some drawbacks, such 

as low natural abundance of indium and fast depletion of indium due to its current 

extensive use as ITO. These factors contribute to higher costs for ITO glasses. Also, ITO 

has a lesser stability in reducing environment [13]. Therefore, we have to think about a 

good TCO material to replace with ITO in industrial applicatins. Together with higher 

natural abundance of the constituent elements of FTO and similar electronic and optical 

properties, and also due to its astounding ability to withstand harsh conditions, such as, 
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acidic, basic, reducing and oxidizing and high-temperature, FTO stands out to be the best 

TCO material to replace ITO in future technological applications. FTO has already been 

successfully utilized in some devices such as dye-sensitized solar cells. Table 1 shows the 

some important criteria of the TCO materials and that may greatly help to select the 

appropriate materials for the particular application. 

 

Table 1: The important properties of the TCO materials for better selection. 

 

 

 

 

 

 

 

 

 

 

 

 As clearly state in the above table, FTO semiconductor material has tremendous 

properties as a TCO material. According to the Table 1, FTO has best chemical, 

mechanical durability, least toxic and lowest cost when compared with other transparent 
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conducting oxide materials. Therefore, we have also selected FTO as our TCO material 

to fabricate 1-D nanostructured thin films. FTO has a tetragonal rutile crystal structure as 

shown Figure 1 (a) and commercially available FTO glasses are shown in Figure 1(b).                                                                    

 

 

 

   (a)      (b) 

Figure 1: Fluorine-doped tin oxide (a) unit cell of the FTO, (b) commercial FTO glasses 

 

1.5 Introduce One-Dimensional Nanostructured TCO Thin films  

 

 TCO thin films with low-dimensional metal oxide nanostructured such as 

nanoparticles, nanotubes, nanorods, nanowires, nanosheets and so on are getting 

attractive components in a wide variety of technological applications in different fields 

due to their high surface-to-volume ratio, enhanced material characteristics because of 
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quantum confinement effects and the high fraction of chemically similar surface sites [47]. 

The Figure 2 shows the low-dimensional crystal structures of materials. Recently, one-

dimensional nanostructures such as nanorods, nanotubes and nanowires are getting more 

attractive in the research field to enhance the performance of device applications. 

 

 

Figure 2: Low-dimensional nanostructures of materials 

 

 There are various TCO materials which are showing both good electrical 

conductivity and optical transparency together. The high band gap (>3.2 eV) 

semiconductor materials are very important to prevent absorption the light in the visible 

region of the electromagnetic spectrum. Hence, one-dimensional nanostructures of TiO2, 

undoped, doped ZnO, and SnO2 are mainly used in advanced industrial applications. The 

organic nanostructure material such as Carbon Nanotubes (CNTs) are widely used in 

many technological applications from the past resent years. This research field into 
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develop unique nanostructures of graphene based compounds are vastly improved after 

published first report about characterizations of CNTs in 1991 by Lijima et al at the NEC 

laboratory in Japan [48].  

 

 However, undoped and doped metal oxides semiconductor materials are yet 

stand along strongly for the applications in the field of optoelectronics and photovoltaics 

due to their stability in various way. Preparation, characterization and technological 

applications of FTO nanograins with average size of ~ 500 nm on glass surfaces is well 

known [49, 50-53] and in fact, FTO glasses with excellent electronic and optical 

properties are commercially available. Best properties can be achieved when the FTO 

layer is composed of a mixture of smaller and larger particles, where larger particles to 

give fewer grain boundaries to minimize the light scattering and to increase mobility of 

charge careers and smaller particles to give higher surface area to decrease sheet 

resistance [54]. 

 

Although, the synthesis of FTO nanograins is quite straightforward and has been 

well documented, there has been very little research reported on the one-dimensional 

nanostructured FTO thin films such as nanotubes and nanorods.to the best of our 
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knowledge. For instance, b. russo and g.z. cao, have synthesized fluorine-doped thin 

oxide thin films and nanorod arrays via spray pyrolysis in 2008 [55]. They have used a 

template based method to fabricate FTO nanorods array as shown in Figure 3. 

 

Figure 3: FTO nanorods array fabricated by B. russo and g.z. cao. 

 

Then, in 2012, Cho et al. have synthesized vertically-aligned FTO nanorod 

array by SPD and used them as gas sensors [56]. By controlling spray time, they were 

able to produce 100 nm and 500 nm long FTO nanorods as shown Figure 4. 
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Figure 4: vertically-aligned FTO nanorods thin films by Cho et al. 

 

 Third work on FTO nanorod synthesis is by our group , in which we have used 

ethylene glycol to assist in forming vertically-aligned FTO nanorod arrays on glass 

surfaces which we have fabricated using atomized, SPD technique[57]. The fabricated 

nanostructures are shown in Figure 5. 

 

 

 

Figure 5: Ethylene glycol assisted FTO nanorods. 
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 In this research study, one-dimensional nanotechnological architectures of 

fluorine-doped tin oxide thin films synthesized by changing different spray conditions 

and parameters in order to enhance the performance of the dye-sensitized solar cells by 

applying as transparent and conducting working electrode.   

 

1.5.1 One-dimensional nanostructured FTO thin films for DSSCs    

  

The dye-sensitized solar cells (DSSCs) is a well-known photovoltaic device 

which can be simply used to convert sunlight into electricity [58]. This is a one of the 

most simple and cost effective technology in the research field to generate electricity and 

consisted with both organic and inorganic compounds.  

 

The several factors may influence the performance of DSSCs. Hence, many 

scientists have been working on different sections of the DSSCs such as photo anode, dye, 

electrolyte and counter electrode to higher power conversion efficiency. In the working 

electrode of the DSSCs are consisted with TCOs glass substrate and photo active 

nanostructured layer of TiO2 or ZnO. The schematic diagram of the DSSC is presented in 

the Figure 6. 
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Figure 7: The working principle of DSSCs 

 

Basically, FTO thin films consisted with nanoparticles (nanograins) are used in 

working electrode of the DSSCs. The objective of our study is to introduce 1-D 

nanostructured FTO thin films for the front electrode of the DSSCs as illustrated in the 

Figure 8. 

 

Figure 8: The propose 1-D nanostructured FTO thin film for the photo anode of DSSCs 



17 

 

 Recently, control of material morphology such as nanotube (NT) and nanorod 

(NR) arrays of transparent front electrode has been employed to improve the DSSCs 

performance [59]. Such One-dimensional (1-D) nanostructured metal oxide thin films use 

to improve interfacial surface area, light transmittance and high light trapping by 

scattering. This provides a direct scheme to higher light absorption by photoactive layer 

to enhance the power conversion efficiency of solar cells [60]. The fabrication of DSSCs 

with FTO nanorods thin films and their parameters such as fill factor (FF), open circuit 

voltage (Voc), current density (Jsc) and power conversion efficiency (η) are discussed in 

the chapter 4. 
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CHAPTER 02 

Fabrication of One-Dimensional FTO Thin Films 

 

The following work presents the details of the design and development about the 

advanced version of SPD technique to fabricate one-dimensional nanostructured FTO 

thin films. The features and advantages of this technique has discussed by comparing with 

conventional techniques. The effect of the spray conditions for the crystal growth of 1-D 

nanostructured FTO thin films has investigated. The results obtained from an experiment 

into the use of FTO precursor solution for the growth of one-dimensional nanostructured 

thin films has also discussed in details. 

 

2.1. Design and Development of advance version of SPD technique 

 

 Among the diverse techniques for thin film fabrication, spray pyrolysis (SP) 

stands out as a simple and versatile technique which can be used to fabricate practically 

any thin film on many substrate surfaces. These substrates include, but not limited to, 

ordinary glasses, electronically-conducting glasses such as fluoride-doped tin oxide-

coated glasses (FTO), silicon wafers and even plastic substrates such as Teflon.  
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Spray-pyrolytic deposition also provides the flexibility to select required 

temperatures depending on the thermal stability of the substrates used and the required 

temperature for the pyrolysis of the precursor solution to form the desired thin layer 

material with required morphology on the substrate surface. As regard to thin films, they 

may be thin films of insulating materials such as hydroxyapatite nanoparticle 

modification of stainless steel or titanium prosthesis materials to introduce 

biocompatibility, osteo-integration, non-toxicity and corrosion resistance in aggressive 

body fluid environments or interconnected, Nanoparticulate semiconducting materials 

required for solar cell fabrications, and thin layers of semiconductors required for 

electronic and optoelectronic industries, transparent conducting oxide thin films, thin 

films of 1-D nanomaterials such as nanotubes and nanorods, 2-D nanomaterials such as 

nanosheets and 3-D nanomaterials such as stacks of thin layers on substrate surfaces, and 

many more.  

 

Ordinary spray pyrolysis, which is used in many laboratories for the fabrication 

of thin films, is very simple but suffers from several drawbacks. In the fabrication of thin 

layers of nanoparticulate materials, care should be taken to ensure that the nanoparticles 

to deposit individually rather than in their agglomerated forms.  
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However, aggregation of nanoparticles, which are dispersed in a suspension, 

takes place spontaneously, and if there is no mechanism to separate these aggregated 

nanoparticles before deposition, that will result in the deposition of such lumps with 

inhomogeneous morphologies which can act as light scattering centers diminishing the 

transparency of the layer towards visible light and thereby limiting their applications in 

optoelectronic applications. A way round this problem is to apply ultrasound to the tip of 

the spray nozzle to enable the separation of individual particles from agglomerated lumps 

so as to result in homogenous thin films and the technique is commonly known as 

Ultrasonic Spray Pyrolysis (USP). These ultrasonic nebulizers used in USP generate fine 

aerosols of individually-dispersed particles though the technique demands power for 

ultrasound generation. As such, developing techniques which do not require additional 

power is an important task to prepare optically-transparent and homogeneous thin films.  

We have addressed this problem and improved the ordinary SPD technique to have a 

chamber to break agglomerated particles simply by allowing them to collide with the 

Teflon spherule placed in the aerosol stream of the aspirated solution. This process is 

termed atomization and hence the chamber is called atomizer. Such improved SDP 

technique is called Atomized Spray Pyrolysis (ASP). Figure 1 depicts schematic 

representations of SPD and ASP apparatus to distinguish between the two techniques.  
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                    (a)                                 (b) 

Figure 1 (a): Schematic representation of the Spray Pyrolytic Deposition (SPD) and (b) Atomized 

Spray Pyrolysis (ASP) techniques. 

 

Although, the use of ASP technique enables the preparation of versatile 

nanotechnological architectures, we found that during the continuous spray of aqueous 

solutions to the heated surfaces of substrates, the local temperature falls down giving an 

adverse effect on the adhesion of the thin layer on to the substrate surface and, sometimes, 

to the homogeneity of the thin layers produced. To eliminate this problem, we have 

introduced a pulse system using controlling electronics where the spraying is done for a 

shorter period and then spraying is turned off for a reasonable time to reach the 

temperature of the substrate surface back to its pre-set required value. In our experiments, 

we identified the best pulse sequence as 2 s on and 13 s off. When this improvement is 

made to ASP technique we call it Pulsed ASP or PASP.  
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Schematic representation of the process flow diagram of PASP is shown in 

Figure 2. 

 

 

 

Figure 2: Schematic representation of the Pulsed, Atomized Spray Pyrolysis (PASP) apparatus. 

 

In the preparation of thin films of 1-D nanotechnological architectures such as 

nanotubes, nanorods etc. of materials, such as transparent, conducting oxide thin films, 

sometimes, it is advantageous to allow films to deposit on static substrate surfaces rather 

than moving the substrates to enable the deposition of the thin layer over the entire surface. 

In order to form 1-D nanotechnological architectures, it is also of vital importance to 

allow the aerosol of fine particles to sweep along the substrate surface in the horizontal  
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direction for 1-D materials grow in the vertical direction. If the substrate is kept 

static, in the pyrolysis chamber, the horizontal flow takes the shape of a flame when it is 

impinged from the nozzle. The resulting layer also then takes the same shape. To have a 

circular layer, it is important to rotate the spray flow about the vertical axis and to select 

proper pulses to make sure the deposition of the layer from all angles to happen. Such an 

improved version of the PASP has been constructed and termed rotating, pulsed, atomized 

spray pyrolysis (RPASP). Figure 3 shows 3D Computer-aided Design (CAD) of RPSAP 

equipment. 
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Figure 3: (a) Computer-aided Design of Rotating, Pulsed, and Atomized Spray Pyrolysis (RPASP) 

Setup. (b) A part of RPASP setup showing the rotation about the vertical axis around the vertical 

shaft to which spray nozzle is fixed and a part of the pyrolysis chamber.  

 

As depicted in the flow diagram given in Figure 1(a), the SPD technique involves 

a precursor solution, a pressure pump to aspirate the precursor solution, tubing system, a 

nozzle at the end of the fluid flow and a pyrolysis chamber to hold the substrate surface 

at the required temperature and the materials in the aerosol spray to undergo pyrolysis to 

deposit required material on the substrate surface. These components can easily be bought 
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and assembled in situ though ready-made instruments are commercially available. 

  

As explained in the introduction section, one of the drawbacks of this technique 

is the possibility for the deposition of aggregated particles from aerosols containing 

particles in the nanorange, if the particles have undergone spontaneous aggregation. Such 

aggregated particles may exceed the size of the wavelengths of the visible range of the 

electromagnetic spectrum thus not allowing visible light to pass through the layer. If this 

happens, that limits the applicability of such thin layers in opto-electronic applications.  

 

In order to circumvent this problem, we have introduced an atomizer chamber 

between the precursor solution and the pyrolysis chamber. Precursor solution aspirated 

by a pressurized air flow is first directed to the atomizer chamber where it hits with the 

Teflon spherule present in the atomizer chamber. Due to momentum transfer, these 

aggregated particles are then separated to individual ones and the aerosol containing only 

these discrete particles are directed through the tubing system towards the pyrolytic 

chamber for pyrolytic deposition of discrete nanoparticles on the hot substrate surface in 

order to form required thin films [Figure 1 (b)]. Discrete nanoparticles (Particles with at 

least one dimension in the “nanorange”, i.e., 1-100 nm, usually 0-D nanoparticles have 



35 

 

 their diameter in this range.) allow visible light to transmit through the layer 

thus making the layer transparent to visible light. We have utilized this technique to make 

a variety of thin films including optically-transparent thin films of interconnected 

discretely deposited nanoparticles on FTO surfaces for dye-sensitized solar cell (DSC) 

applications to obtained higher performance. 

 

In the PASP technique, we have introduced a sequence of spray pulses of 2 s on 

and 13 s off by introducing controlling electronics and this enables us to allow the 

substrate surface to return back to the pre-set value during the spray off period so that 

spraying is done only when the substrate surface is at the required temperature. 

 

 We illustrate the synthesis of different nanotechnological architectures of 

transparent, conducting FTO on glass surfaces as an example for the applications of PASP. 

Components of RPASP contains essentially the same components of PASP with an 

additional component of a rotating vertical steel bar to hold the spray nozzle and 

controlling electronics to control rotation speed and the alignment of the spray nozzle 

against the substrate surface.  
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This advanced version of SPD technique is versatile and can be used to prepared 

different nanostructured thin films. The rotational speed, spray angle, spray time, spray 

interval time and spraying pressure of the precursor solution can be controlled. The FTO 

solution is converted into a fine mist using the apparatus and the generated mist is allowed 

to deposit on the glass substrate kept in a spray chamber at higher temperature 

 

2.2 Effect of the spray direction to the crystal growth of 1-D FTO 

 

 We have investigated the proper method to grow one-dimensional 

nanostructured FTO thin films by using RPASP technique. Specifically, the effect of spray 

direction for the thin films fabrication has studied in details. The film morphology, texture, 

conductivity and transmittance data has discussed in details in following sections. 

 

2.3 Introduction 

 

 Transparent conducting oxides (TCOs) have become a technologically very 

important class of material due to the good optical transmittance while at the same time 

good electrical conductivity.  
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These TCO thin films with wide bandgap (3 eV) semiconductor materials are 

used in many devices. TCO thin films with low-dimensional metal oxide nanostructured 

such as nanoparticles,nanotubes,nanorods,nanowires, nanosheets and so on are getting 

attractive components in a wide variety of technological applications in different fields 

due to their high surface-to-volume ratio, enhanced material characteristics because of 

quantum confinement effects and the high fraction of chemically similar surface sites [1]. 

 

 Herein, we investigated the effects of spray direction on the formation of the 

vertically aligned FTO 1D nanostructured thin films using a in house developed novel 

spray technique, known as rotational, pulsed and atomized spray deposition (RPASP). 

This technique is versatile and several spraying parameters can be controlled. 

 

2.4 Experimental 

 

 Firstly, tin (IV) chloride penta-hydrate (SnCl4·5H2O 98%, Wako Chemicals) and 

Ammonium fluoride (NH4F 98%, Aldrich Chemicals) were dissolved in deionized water 

with addition of 8% propanone. The concentration of SnCl4·5H2O was fixed at 0.20M 

and NH4F was controlled to be 0.80M. Rotational, pulsed and atomized spray pyrolysis  



38 

 

  Deposition technique use to deposit FTO precursor solution on pre cleaned 

soda lime glass substrate (50mm * 50mm size) kept in a spray chamber with normal 

atmosphere at 470 °C as shown in Fig.1. The spray pressure was fixed in 0.20MPa with 

2 s on and 13 s off spray pulses in order to maintain the substrate temperature. The 

distance from the nozzle exit to the substrate was 1 cm. We fabricated three types of FTO 

samples by precisely controlling the spray direction of the nozzle with the substrate, 

which is below 15°, about 30° and above 45°. Each sample was prepared with total spray 

time (including both on and off time) of 60min (effective 8 min spray on). After each 

deposition, the hotplate was switched off to cool the substrate containing samples to room 

temperature and the samples were retrieved and characterized.  

 

The morphologies of the FTO thin films were investigated by Scanning Electron 

Microscopic (JEOL JSM-6320F). The structural properties of the thin films were 

determined by X-Ray Diffraction (XRD, Rigaku RINT Ultima-III, Cu Kα, λ = 1.541836 

Å) and the data were analyzed using PDXL XRD analysis software. The FTIR spectra 

were recorded on JASCO FT/IR 6300 Fourier Transformed Spectrometer at a resolution 

of 4 cm-1 with a spectral range of 400cm-1 -700cm-1. The all IR spectra were the result of 

the average of 64 scans and were recorded at room temperature.  
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UV-Visible Transmission spectra were recorded on JASCO V-630 spectrometer 

in the wavelength range from 200nm to 800nm and sheet resistances were obtained by 

Hewlett Packard 34401 A multimeter.  

 

 

 

 

 

Fig.1. Basic setup of RPASP deposition method. 
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2.5 Results and Discussion 

 

 The morphology of the prepared FTO thin film at higher spray angle to the 

substrate (above 45°) is shown in Fig.2. That SEM image clearly shows FTO 

nanoparticles (FTO NP) are formed with 50 to 120 nm in size range and 220 nm in film 

thickness. The rotational nozzle part of this new ASP technique is very important to 

fabricate homogeneous thin films. The fine aerosol droplets of the precursor solution are 

deposited on the hot glass substrate and then undergo pyrolysis to form nucleated FTO 

species.  

 

This will then grow into FTO particles [2].The vertical spraying technique has 

already been used by many researchers to synthesize TCOs thin films. Vertical or higher 

angle spraying to the substrate facilitates to deposit precursor solution with lesser density 

due to scatter of the fine particles throughout the substrate surface. Hence, it provides 

more space for FTO grains to grow along horizontal directions, as a result the thin film 

consists of pyramidal and prismatic crystallites [3]. 
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Figure 3 shows the SEM image of the cross-link FTO 1D nanostructure formed 

at middle spray angle (about 30°) to the substrate. It clearly shows that the morphology 

of the FTO thin film has changed to cross link nanorods. So it indicates that this spray 

angle is sufficient to sweep the precursor solution along the substrate to form 1D 

nanostructure, but the density of the precursor particles is still not enough to improve 

verticality of nanostructure. 

 

Figure 4 shows the morphology of the vertically align FTO 1D nanostructure 

prepared at low spray angle (below 15°). The kinetic phenomena of the formation of 

vertically align nanorods can simply be explained as follows. Horizontal or low angle 

spray technique facilitates to sweep the atomized fine particles along the hot substrate. 

As a result density of the particles become high and it direct to grow FTO particles along 

vertical direction while restricting in to other directions [4]. Vertically align niddle like 

structures form at the initial stage of the spray and it will then convert in to hollow 

nanorods with the spray amount.  
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 Fig.2. FTO nanoparticles grown at higher spray angle to the substrate (above 45°) 

 

 

Figure 5 illustrate the X-ray diffraction (XRD) pattern for three FTO samples 

prepared at different spray directions. All the diffraction peaks can be readily indexed to 

the cassiterite type of tetragonal SnO2 phase (PDF card no 01-070-4175 of PDXL XRD 

analysis software). Other peaks were not observed, indicating the high purity of obtained 

product.   
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Fig.3. FTO cross link nanotubes grown at middle spray angle to the substrate (about 30°) 

 

 

 

 

 Fig.4. FTO nanotubes grown at low spray angle to the substrate (below 15°) 
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Fig.5. XRD patterns of FTO thin films prepared at different spray angle to the substrate 

 

These XRD data clearly shows us the texture of the thin films has changed with 

spray directions. However, the preferred orientation can be controlled by varying different 

spray parameters such as precursor source, gas flow rate, deposition time, and deposition 

temperature [3]. As shown in Fig.5. FTO nanoparticles prepared at higher angle to the 

substrate shows (200) plane as the preferred orientation. The intensity of (301) crystal 

orientation was also comparably high in nanoparticles thin film. In Chang-Yeoul Kim et 

al. also reported that preferred orientation of FTO crystallites along the (200) and (301) 

plane [5]. FTO nanorods prepared at low angle to the substrate grow preferably in the    
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 (101) direction as shown in Fig.5. It is also confirmed that the nanorods are 

vertically aligned along the (101) direction. This is in accordance with previously 

published works. Devinda et al [6] also asserted that the preferred direction of SnO2 

nanorods occurs along the (101) plane. As shown in Fig.5. The dominant peak of the 

cross-linked nanorods was along (110) direction, which clearly indicates that the nanorods 

are not vertically aligned and side walls of the nanorods are more exposed to the XRD. 

The (110) plane is the thermodynamically most stable plane of SnO2 crystal structure due 

to the lowest surface energy [7].    

 

        The FTIR spectrum contains the resonance of tin oxide stretching vibration 

modes and substitution of fluorine ion to oxygen ion in SnO2 lattice of the thin films are 

shown in Fig.6. The oxygen and fluorine vacancies have been considered to be the donors 

and the substituted oxygen ion provides one more free electron to enhance the carrier 

concentration in the FTO thin films. In this thin film, the fluorine ions are supposed to 

occupy the position of oxygen due to the similar ionic size (F- : 0.133nm, O2- :0.132 nm) 

and comparable energy of bond with tin (Sn-F bond: 26.75 D0/KJmol-1, Sn-O bond 

31.05D0/KJmol-1). Also, the Coulomb forces that bind the lattice together are reduced 

since the charge on F- is only half of the charge on O2- [8]. 
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 The stretching vibrations of Sn-O and O-Sn-O are found at 612cm-1 and 473cm-

1, respectively for the all nanostructured thin films. The oxygen vacancy occurs in the 

SnO2 lattice due to the different bond length of O-Sn-O group (O-Sn-O: 2.597 Å, Sn-O: 

2.053 Å) [9]. As shown in FTIR, the substitution of F- ions are well confirmed by the 

features of Sn-F and F-Sn-F bands at 420 cm-1 and 406 cm-1 respectively on the FTO NR 

thin film. These values have slightly changed from FTO NP and FTO cross-link NR thin 

films. This supposed to be due the change of morphology of 1-D nanostructured thin film. 

Also, the FTIR spectra show comparatively broader features due to nanocrystalline nature 

of FTO thin films [10]. 

 

 

 

Fig.6. FTIR spectrum of FTO thin films. 
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It is well known that the transmittance and conductivity of the FTO thin films is 

very important to the performance of the DSSCs. The development of suitable TCO 

substrates, which have high electrical conductivity and high optical transmittance, could 

be one of the most vital factors for the performance of DSSCs. As shown in Fig.7.optical 

transmittance of FTO nanoparticles, cross link nanorods and vertically align nanorods are 

observed to be 89.9%, 70.8% and 84.8% respectively. However, the transmittance of the 

cross linked nanorods is lower than for the other thin films due to the light scattering by 

the non-aligned nanorods and nanorods tips.  

 

Fig.7. Transmittance spectrum of FTO thin films. 
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The thin films prepared on normal glass substrate show high sheet resistances. 

The high surface resistance of the FTO nanorods is due to the gap between the rods and 

low thickness of the thin film. As presented in Table 1. Conductivity of the nanorods was 

enhanced with commercial FTO glasses as the substrate. In this case, conducting glass 

facilitate to make the nanorods interconnect from the bottom. The sheet resistance of the 

nanorods was around 6.74 MΩ/sq on normal glass substrate and 26.7 Ω/sq on commercial 

FTO substrate. It clearly indicates the significant increase of the conductivity of FTO 

nanorods with conducting glass as the substrate. 

 

Table 1. Sheet resistances of FTO thin films. 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Name Sheet  resistances on surface 

FTO NP on normal glass 56.8 Ω/sq 

FTO cross-link NR on normal glass 4.62 MΩ/sq 

FTO NR on normal glass 6.74 MΩ/sq 

Commercial FTO 14.3 Ω/sq 

FTO NR on commercial FTO 26.7 Ω/sq 

 



49 

 

2.6 Conclusion 

 

The improved version of spray pyrolysis deposition technique, known as, 

rotational, pulsed and atomized SPD can successfully be used to fabricate 1D 

nanostructured FTO thin films. The spraying at low angle to the substrate is mandatory 

to grow well separated and vertically aligned 1D nanostructure. The preferred growth 

orientation of the nanorods was along (101). The FTIR spectra of FTO thin films provide 

experimental evidence of oxygen vacancy and fluorine substitution for oxygen. The 

conductivity of the nanorods has also improved with commercial FTO glass as the 

substrate. 
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CHAPTER 03 

Growth of 1-D Nanostructured FTO Thin Films 

 

The following chapter describes the use of Rotational Pulsed and Atomized 

Spray Pyrolysis deposition Technique to fabricate one-dimensional nanostructured FTO 

thin films with different spray time durations. The crystal growth of 1-D nanostructured 

FTO thin films on normal glass substrate was studied in details. The resultant films were 

analyzed with various analytical techniques. The surface morphology, texture of thin films, 

fluorine doping to the tin oxide structure and transmittance properties of one-dimensional 

FTO thin films have presented throughout the below study.  

 

3.1 Effect of spray duration for the growth of 1-D FTO 

 

 A novel Spray Pyrolysis (SP) technique, known as Rotational, Pulsed and 

Atomized Spray Pyrolysis (RPASP), was developed and deployed to prepare thin films 

of various nanotechnological architectures of fluorine-doped tin (IV) oxide (FTO) layers 

on glass surfaces.  
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This technique allows for the perfect control of morphology of 

nanotechnological architectures of FTO, which can be achieved simply by controlling 

spray duration. As such, 0-D nanocrystallites, 1-D uncapped nanorods and 1-D capped 

nanorods; all in 2-D thin layers, and extensively cross-linked 3-D nanotechnological 

architectures of FTO can be prepared, on soda lime glass surfaces. This is the first time 

report on kinetically-controlled growth of different nanotechnological architectures of 

FTO, using the same technique. X-Ray Diffraction (XRD), Scanning Electron 

Microscopic (SEM) and X-Ray Photoelectron Spectroscopic (XPS) data show excellent 

correlations. As evident from XPS data, FTO uncapped nanorods were found to contain 

more Sn2+ sites on their surfaces when compared to those of other nanotechnological 

architectures. ATR-FT-IR spectrum shows F-Sn-F and F-Sn stretching vibrations in all 

forms of FTO nanostructures. Thin layers have optical transmissions in the range 70% to 

85%, in the visible range of the electromagnetic spectrum. This technique is versatile and 

is not limited only to fabricate FTO nanostructures, but, it can also be used to fabricate 

thin layers of nanotechnological structures of different dimensionalities of various 

materials on various substrates, which is capable to withstand required pyrolytic 

temperatures. 
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3.2 Introduction 

 

 To the best of our knowledge, no literature is available for the preparation of 

kinetically-controlled growth of different nanotechnological architectures of FTO. Herein, 

we, therefore, report the first time study on the development of a low-cost, Rotational, 

Pulsed and Atomized Spray Pyrolytic (RPASP) method to fabricate thin films containing 

grains of FTO as well as those of well-defined 1-D architectures of both uncapped and 

capped nanorods of FTO on soda lime glass surfaces. The desired shape of the 

nanostructures can be achieved simply by controlling the spray time. The work described 

here, therefore, is concerned not only with just the synthesis of FTO nanorods arrays, but 

also preparation of various nanotechnological architectures of FTO, simply by controlling 

the kinetics of deposition, to result in well-defined architectures, such as nanoparticles, 

almost vertically-aligned uncapped nanorods, almost vertically-aligned capped nanorods 

and extensively cross-linked nanotechnological architectures of FTO on soda lime glass 

surfaces and characterizations of the materials prepared . The technique can be extended 

to synthesize versatile architectures of nanomaterial thin films on various substrate 

surfaces.  
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3.3 Experimental 

 

A precursor solution containing 3.50 g SnCl4.5H2O (98%, Wako Chemicals), 

1.50 g NH4F (98%, Wako Chemicals), 46.0 mL of distilled and de-ionized water, 4.0 mL 

of acetone and 10.0 mL of 0.10 M HCl was withdrawn, at 0.20 MPa pressure, using a 

pressurized air flow, with the help of a sequence of pulses of 2 s on and 13 s off. This 

pulse program was so chosen as to maintain the same temperature of the substrate surface 

throughout spray pyrolytic deposition. When the spray of aqueous aerosol onto hot glass 

is carried out, continuously, then the local temperature of the substrate surface was found 

to decrease slightly, after a few seconds. By carrying out several pulse programs we found 

that the sequence of 2 s on and 13 s off is the best one that gives constant temperature 

during SP. The withdrawn aerosol was then directed to an atomizing chamber containing 

a Teflon spherule and allowed to collide on the spherule in order to breakdown any 

agglomerated particles, if any. A fine aerosol spray of non-agglomerated particles was 

then directed horizontally to the pre-heated glass substrate, placed on a pre-heated (e.g., 

480 °C) hotplate, present in the pyrolytic chamber.  
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The materials present in the spray solution were then subjected to pyrolysis and 

the desired material was then deposited on the heated glass surface producing a thin film. 

Figure 1 depicts the schematic representation of the non-rotational mode of the PASP set 

up which was purpose-built in situ. 

 

 

 

Figure 1: Schematic representation of the process flow diagram of the Pulsed, Atomized Spray 

Pyrolysis Equipment. 
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The precursor solution was sprayed for total spray times (including both on and 

off times) of 30 min (effective 4 min spray on), 45 min (effective 6 min spray on), 60 min 

(effective 8 min spray on), 90 min (effective 12 min spray on), 120 min (effective 16 min 

spray on) and 180 min (effective 24 min spray on). At the end of each spray time, the 

electronic controller of the spray pulses and the hotplate were turned off, and the 

deposited glass plate was allowed to cool down to ~ 200 °C, and then it was removed. 

Samples prepared at the above spray durations are abbreviated to Sample 1, Sample 2, 

Sample 3, Sample 4, Sample 5 and Sample 6, respectively. 

 

XRDs of the substances, which were formed at different spray durations, were 

recorded on Rigaku RINT Ultima-III XR Diffractometer, using Cu Kα radiation of 

wavelength 1.541836 Å and the data were analyzed using PCPDFWIN program. XPS 

studies of the samples were done on Shimadzu, ESCA-3400. SEM studies were carried 

out using JEOL JSM-7001F Field-emission SEM, at 3 or 5 kV acceleration voltages. UV-

visible Transmittance Spectra were recorded on JASCO V-630 Spectrometer, in the 

wavelength range from 200 nm to 800 nm. FT-IR spectra were recorded on JASCO FT/IR 

6300 Fourier Transformed Spectrometer.  
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3.4  Results and Discussion 

3.4.1 Sample 1 Prepared at 4 min spray over 30 min 

 

Figure 2(a) shows X-Ray Diffractogram of sample 1, which was prepared at 4 

min spray, over 30 min. The XRD consists of peaks located at 2θ = 26.57◦, 33.93◦, 38.02◦, 

51.81◦ 54.85◦, 61.87◦ and 65.96◦ which can be assigned, respectively, to the diffractions 

from (110), (101), (200), (211), (220), (310) and (301) basal planes (JCPDS Card No. 77-

0452). The diffractogram corresponds to that of the Cassiterit form of SnO2 in its 

tetragonal rutile structure (PDF# 770448, PCPDFWIN software). Major peak which is 

appearing at 2θ = 26.57◦, which corresponds to diffraction from (110) plane is 

characteristic of the preferred plane of crystallite growth in SnO2, as reported earlier by 

Zhang et al. As opposed to preferred (110) of SnO2 nanoparticles, without F- doping, they 

have also shown that the preferred growth plane of FTO to be (200) and the latter was 

shown to be independent from the amount of F- used in the precursor solution [1]. 

However, we believe that the preferred plane of crystallite growth, in the SP techniques, 

may depend on many physical parameters, such as, pyrolytic temperature, angle of spray, 

seed particle alignment, type of the crystalline form and so on and also on the shapes of 

nanomaterials obtained; the latter will be explained from the results obtained for different 
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 Dimensionalities of FTO NRs prepared in this work (vide infra). In fact, there 

are reports to show other preferred planes such as (211) in high-quality FTO nanoparticles 

produced by some of the co-authors of this paper where they have shown that the 

preferred plane also depends on annealing of the samples[38].   
�(���)

�(���)
 ratio of the XRD 

peaks, where I indicates intensity of the peak, is 0.17. This may be due to low F--doping. 

Since all other minor diffraction peaks can also be assigned to this crystalline form of 

SnO2, it can be concluded that there are no other crystalline materials present in the 

sample, even as impurities, indicating very high purity of Sample 1. Also, there are no 

peaks due to SiO2 and hence it can be concluded that the glass surface has not undergone 

crystallization, as a result of 30 min heat-treatment at 480 °C.  

 

SEM image, shown in Figure 2(b-i) clearly indicates the presence of grains 

typical of commercial FTO, though the grain sizes are somewhat smaller and of ~150 nm 

in size. The cross-sectional view of this sample, depicted in Figure 2(b-ii), shows that the 

average thickness of the layer to be ~ 170 nm. 

 

 

 



60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b-i) a) 

b-ii) c-i) 

c-ii) c-iii) 

c-iv) c-v) 
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Figure 2 (a) X-Ray Diffractogram, (b-i) SEM front view (b-ii) SEM cross-section (c) XPS of (c-i) Sn3d 

(c-ii) O2p (c-iii) F1s (c-iv) Na1s (c-v) C1s and (d) ATR-FT-IR Spectrum and (e) UV-visible transmission 

spectrum of FTO sample 1 prepared at 4 min spray, over 30 min. 

 

Figure 2 c shows the XP spectra of Sn3d [Figure 2(c-i)], O2p [Figure 2(c-ii)] and 

F1s [Figure 2 (c-iii)] of Sample 1. As Figure 2(c-i) reveals, the peaks at 486.9 eV and 

495.2 eV represent the 	Sn���/�and	Sn���/� , respectively, indicating that Sn in its Sn4+ 

state [2, 3]. The O spectrum [Figure 2(c-ii)] shows a main peak at 531.8 eV, which may 

be assigned to be due to lattice oxygen of SnO2. A small peak appearing at 533.5 eV may 

be assigned to be due to OH groups present on the FTO surfaces. However, O1s spectrum 

of FTO nanoparticles on glass can be complicated due to the presence of non-bridging 

(Si-O- Na+) and bridging (Si-O-Si) O atoms of exposed glass surfaces. Mekki et al. have 

studied XPS of same soda lime glass and assigned the peak at ~530 eV to bridging O and 

that at ~532 eV to non-bridging O of the soda lime glass[4]. As such, in our case, O peaks 

could have been originated from both FTO and glass making the resolution of peaks to 

exact atoms very difficult. The F1s spectrum for this sample is weak since F atomic 

percentage is low though a peak at ~ 686.0 eV can be traced which can be assigned to Sn-

F bonding, which provides evidence as to the presence of F in O sites[5-7].   
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Analysis of the XPS data reveals the presence of Sn, O, Na, C, F and Si, in this 

sample, with atomic percentages of 16.58%, 39.09%, 3.78%, 34.81%, 0.18% and 5.46%, 

respectively. Since the F% is very low, the XPS peak is only barely visible. These data 

give evidence for the presence of F- ions in the lattice sites of O2- where 0.4% of O2- sites 

have been replaced by F- ions. From the Sn to Si peak heights, the ratio of FTO to void 

on the surface of glass can be calculated to be 3:1, and hence it can be concluded that only 

3/4th of the glass surface has been covered by the FTO seed particles. In order to further 

ascertain the presence of F in the thin film of Sample 1, its’ ATR-FT-IR spectrum was 

recorded after drying the sample at 150 °C for 45 min. The spectrum consists of features 

only in the wave number range 400 to 750 cm-1 (Figure 2 d) and the spectrum is flat 

without any bands from 750 cm-1 to 4000 cm-1. As shown in the figure, the bands centered 

at 413, 430, 463, 604 and 731 cm-1 can be assigned to be due to stretching vibrations of 

F-Sn-F, F-Sn, O-Sn-O, Sn-O and Sn-O-Sn, respectively[8]. The absence of any feature 

after 750 cm-1 indicates the absence of adsorbed water, O-H groups or any other 

functional groups[7]. There are no any bands around 3500 cm-1. In fact, the spectrum is 

featureless in this range. This proves that these samples do not contain any adsorbed water 

molecules, O-H groups or any other functional groups except those given above. 
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Depicted in Figure 2 (d) is the UV-Visible Transmittance spectrum of Sample 1. 

It provides good evidence to show that the sample is highly transparent in the entire 

visible region with percentage transmission of over 80%. UV-visible absorption spectrum 

(Given in Supplementary Figure S1 (a)) reveals that the band gap of FTO Nanoparticles 

(NPs) in Sample 1 to be 3.62 eV. This is typical of the band gap of around 3.60 eV of 

FTO NPs as reported by Wu et al. though the band gap shifts to higher values due to 

confinement effect as the particle size is decreased[3]. As such, three independent 

analytical techniques, namely, XRD, XPS and FT-IR provide evidence to the presence of 

SnO2 and F-doping, thus demonstrating excellent correlations and mutual agreements of 

the results obtained by different analytical methods. 

 

3.4.2  Sample 2: Prepared by spraying for 6 min over 45 min periods 

 

 Thin film, prepared at spray for 6 min over 45 min period, i.e., Sample 2, has an 

XRD spectrum, as depicted in Figure 3 (a), which is quite similar to that of Sample 1 

though the relative intensities of the peaks have been drastically decreased. XRD 

spectrum still shows diffractions from (110), (101), (200), (211), (310) and (301) with 

(110) as the dominant diffraction plane as in FTO grains.  
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However, 
����

����

 ratio has now increased to 0.74 which is 3.36 times increase from 

that of typical FTO nanoparticles of Sample 1 indicating a significant increase in F-doping. 

SEM image shown in Figure 3(b) gives evidence as to the change of the crystallite shape 

from that typical of FTO grains, as observed for Sample 1, to a kind of tetragonal shape 

with a small reduction in grain size also (~ 80 nm), with an increased film thickness of 

200 nm. The increase in sample height is readily understood since more materials are 

deposited due to increased spray duration. The sample is still transparent with percentage 

transmission in the entire visible range exceeding 80% [Figure 3(d)]. 

 

The XPS peaks of different elements are very much similar in shapes to those of 

the sample 1 but their positions have been shifted to slightly higher binding energies. 

Now, the F1s spectrum is much improved giving a peak at around 686.9 eV as opposed to 

typical 686.0 eV for Sn-F bonding in FTO. This small shift in peak position may be due 

to the broadness of the peak. F% has also been increased significantly from to 0.27% 

which is a 50.0% increase from the first value.  
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Figure 3: (a) X-Ray Diffractogram, (b-i) SEM front view (b-ii) SEM cross-section (c) 

XPS of (c-i) Sn3d (c-ii) O2p (c-iii) F1s (c-iv) Na1s (c-v) C1s and (d) UV-visible transmission 

spectrum of FTO sample 2 prepared at 6 min spray, over 45 min. 

 

3.4.3  Sample 3: Prepared by spraying 8 min over 60 min periods 

 

 Further increase in the spray time, for 8 min, over 60 min, results in the formation 

of FTO nanorods with the small depression at the top of the structures which we call as 

uncapped nanorods clearly revealed by their SEM images which are shown in Figure 4 

(b-i and b-ii). Shape of these uncapped nanorods shows a tetragonal cross-section, the 

shape of which are quite similar to the shape of the crystallites obtained in Sample 2. 

Since the top view only shows small depression, it is possible that the nanorods are at 

least almost vertically-aligned. The average diameter of the cross-section is ~80 nm and 

the wall thickness is 18 nm. The cross-sectional image gives the thickness of the layer to 

be around 350 nm. This suggests that the uncapped nanorods have been formed by 

erecting from the atoms/ions on the edges of the tetragons. Since the atoms/ions on the 

edges have no valency satisfaction, it is quite likely that these species are more energetic 

than those in the interior of the tetragons, and hence the erection from the edge atoms/ions 

is energetically more favorable to form such nanorods with a tetragonal cross-section. 
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 The cross-sectional view of this layer reveals that the height of the FTO 

uncapped nanorods formed is ~ 350 nm [Figure 4 (a-ii)]. XRD spectrum of sample 3 is 

shown in Figure 4(b). The XRD spectrum is distinctly different in this case and the peak 

corresponding to diffraction from (101) plane is quite distinct and other peaks are either 

absent or too small to distinguish between actual peaks and noise though those due to 2θ 

= 26.57◦ (101), 51.81◦ (211) and 65.96◦ (301) are still noticeable. This suggests that most 

of the rods are aligned alone (101) plane in FTO uncapped nanorods as opposed to 

preferred (110) plane of 0-D FTO particles. Since there are no peaks due to SiO2, it is 

clear that the glass surface has not undergone any crystallization. 

 

As depicted from Figure 4, XPS F1s peak appears at 686.0 eV, which is typical 

of fluorine substitution in oxygen vacancies of SnO2, as revealed by many authors for 

FTO NPs with high F- substitution of typically over 1%[9]. However, there is also another 

broad feature around 680 eV though an actual XPS peak is difficult to distinguish from 

the noise level. If there were a peak around this value, that would be due to interstitial 

fluoride ions. A distinct feature to note in the XPS studies of FTO uncapped nanorods is 

that the spectrum of Sn3d is now consist of four peaks centered at 487.27, 488.79, 495.46 

and 496.97 eV, respectively.  
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This suggests that both Sn(IV) and Sn(II) exist on the surface. The peak height 

ratios are Sn(II)���/� :		Sn(IV)���/� ∶ 	Sn(II)���/� ∶ 	Sn(IV)���/� = 1 ∶ 0.707 ∶ 0.667 ∶

0.471.  It is surprising to see such high percentile of Sn(II) at such low F- incorporation. 

This is because XPS is a surface analytical technique which explores only 2 nm depth 

from the surface, and hence what it measures is Sn(II) ions that are present on the surface. 

Since uncapped nanorods are 350 nm long and 80 nm wide with 18 nm walls each side, 

both inside and outside surfaces are exposed for XPS analysis. Hence, in the case of FTO 

uncapped NRs, almost all Sn(II) ions are detected by the XPS. This accounts for Sn(IV) : 

Sn(II) ratio of 0.7 but this is only at the vicinity of surfaces. This means that the almost 

all of the bulk tin ions are composed of Sn(IV) only. As such, surface states of FTO are 

Sn(II) ions present on the surface whereas bulk tin ions are exclusively Sn(IV). The 

presence of Sn(II) on the surface is observed in the Sample 4 also where there are more 

capped FTO NRs and some uncapped FTO NRs present in this sample. However, in that 

case the Sn(IV) : Sn(II) is much less than 1 (vide infra).  The Sn(II) amount in FTO 

nanoparticles is hardly measurable from XPS due to two reasons: (i) the F- substitution is 

much less than that in FTO NRs and (ii) the surface area of nanoparticles are significantly 

less than that of NRs, which accounts for the perfectly symmetrical two peaks obtained 

for Sn3d of FTO NPs.  
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XPS data of this sample show the presence of Sn, O, Na, C, F and Si with atomic 

percentages of 16.14%, 39.75%, 8.97%, 29.29%, 0.59% and 5.48%, respectively. 

Fortuitously, the atomic percentages of Sn, O, Si have not changed from those in the FTO 

grains of the Sample 2, suggesting that the numbers of surface atoms/ions of these 

elements have not changed as a result of increased SP. As such, the FTO:void ratio also 

remains at 3:1 as observed in the previous case. This brings us to the point that, upon 

prolonged SP, initially formed crystallites act as seeds for vertical growth of 1-D 

nanostructured architectures and there is no more seed particle formation due to continued 

spray. The 1-D nanomaterials are grown only by initiating from these seed crystallites. 

There is no further growth of seed crystallites across the surface of the glass also. One 

distinct result is the decrease in C atomic percentage and increase in F atomic percentage 

in the XPS data of FTO uncapped nanorods when compared to those of FTO 

nanocrystallites. Since there is no change in the O atomic percentage, which is remaining 

around 39%, in both cases, but increase in F atomic percentage by 2.18 times, suggest 

that the additional F- ions are occupying in interstitial positions rather than as substitutes 

for O2- sites. The decrease in C% is due to increased mineralization of acetone to CO2 and 

H2O. FT-IR spectrum (Figure 4 (d)) is very similar to that of FTO NPs showing all the 

vibrations shown in FTO NPs.  
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Figure 4: (a) X-Ray Diffractogram, (b-i) SEM front view (b-ii) SEM cross-section (c) XPS of   

(c-i) Sn3d (c-ii) O2p (c-iii) F1s(c-iv) Na1s and (c-v) C1s and (d) ATR-FT-IR Spectrum and (e) UV-

visible transmission spectrum of FTO sample 3 prepared at 8 min spray, over 60 min. 

 

FTO uncapped NRs have optical transmissions (Figure 4(e)) of over 80% in the 

entire visible range. UV-visible absorption spectrum given in S1 (b) can be used to 

estimate band gap to be same as that of FTO NPs (3.62 eV). 

 

3.4.4  Sample 4: Prepared by spraying 12 min over 90 min periods 

 

SEM images of Sample 4 are depicted in Figure 5 (a i-ii). Careful examination 

of the front view reveals that there are both uncapped and capped nanorods of FTO are 

present in this sample but mostly capped ones. This is because as the nanorods with small 

depression at the top grow in the vertical direction from the surface their growth rate is 

progressively decreased and the materials formed afterword deposits on the top surface 

of the uncapped nanorods capping them. Such capped nanorods formation has been 

observed in many cases including carbon nanotubes. This time of spray is insufficient to 

cap all the NRs and hence some uncapped NRs are still visible.  
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Capping has hardly affected the optical transmission of the thin layer and the 

transmission spectrum has hardly changed from that of FTO uncapped nanorods.  

 

 

 

 

 

 

 

 

 

 

Figure 5: (a) Front view SEM image and (b) XPS Sn3d spectrum of Sample 4 prepared at spraying 

12 min over 90 min period. 

 

3.4.5 Sample 5: Prepared by spraying 16 min over 120 min periods 

 

 Sixteen min spray, over 120 min, gives the materials as shown in Figure 6(b). 

This SEM image clearly shows the end capped FTO nanorods rather than further 

increasing the length of the uncapped nanorods. XRD shown in Figure 5(a) reveals that 

the capped nanorods are also aligned in the (101) as in the case of uncapped ones.  

b) a) 
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This is because capping has taken place on top of the uncapped nanorods. Cross-

sectional SEM images show that capped nanorods are slightly tilted from surface normal 

possibly due to high weight on their top part. These capped nanorods have dimensions of 

60 - 70 nm cross-sections and 500 nm heights.  

 

Note now that the XPS spectra are quite similar to those of FTO nanoparticles. 

Splitting observed in Sn3d for FTO NTs is no longer there since the total surface area now 

available for XPS measurements is limited due to unexposed interior of the uncapped 

nanorods. The composition of the sample as determined by XPS is Sn 16.41%, O 39.53%, 

Na 8.97%, C 29.29%, F 0.59%, Si 5.48%. FT-IR spectrum (Figure 6 (d)) is very similar 

to that of FTO NPs and uncapped NRs showing all the vibrations shown in these 

structures.  

 

FTO capped NRs have slightly lower optical transmissions (Figure 6(e)) between 

70- 80% in the entire visible range. UV-visible absorption spectrum given in S1 (b) can 

be used to estimate band gap to be same as that of FTO NPs (3.62 eV). 
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Figure 6:  (a) X-Ray Diffractogram, (b-i) SEM front view  (b-ii) SEM cross-section (c) XPS of 

(c-i) Sn3d (c-ii) O2p (c-iii) F1s(c-iv) Na1s and (c-v) C1s and (d) ATR-FT-IR Spectrum and (e) UV-

visible transmission spectrum of FTO sample 5 prepared at 120 min (effective 16 min spray on). 

 

 

3.4.6 Sample 6: Prepared by spraying 24 min over 180 min periods 

 

 Further increase in the SP duration, to 24 min spray, over 180 min, gives the 

front SEM view characteristic of extensively cross-linked nano-needles on the top surface 

of these materials as shown in Fig.7. This indicates that when the hollow type nanorods 

are capped completely, there is no further growth of these 1-D nanomaterials of FTO, and 

subsequently formed materials deposit on the top surface as extensively cross-linked 

nano-needles to an appreciable thickness of nearly 100 nm since the layer thickness of 

this final product is around 520 nm as shown in their cross-sectional view of SEM images. 

XPS data gives atomic percentages of Sn, O, Na, C, F and Si of 21.67%, 42.84%, 5.27%, 

27.31%, 0.56% and 2.35%, respectively. Comparison of these data with those obtained 

in previous samples, clearly shows that the increase in the FTO coverage on the glass 

surface is due to prolonged exposure.  
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Figure 7: (a) X-Ray Diffractogram, (b) SEM front view (c) XPS of (c-i) Sn3d (c-ii) O2p (c-iii) 

F1s(c-iv) Na1s and (c-v) C1s and  (d) UV-visible transmission spectrum of FTO sample 6 prepared 

by spraying 24 min over 180 min period. 

 

The FTO: void ratio is now 9:1, which means 9/10th of the glass surface is 

covered by FTO when compared to 3/4th surface coverage in the previous cases. This is 

understandable and the result agrees well with the morphologies shown in the respective 

SEM images. In the present case, there is an over layer of extensively cross-linked FTO 

nano-needles on approximately vertically-aligned FTO nano-needles. As such, most of 

the glass surface is covered by the FTO nano-needles without allowing X-rays to 

penetrate to the glass surface. Interestingly, the F- ion percentage has not been changed 

from that is present in capped FTO nanorods. As such, this F atomic percentage may be 

the highest that can be obtained in 1-D nanoarchitectures of FTO. The optical 

transparency of thin layers lie within 70% to 80% in the visible range of the 

electromagnetic spectrum. 

 

This technique is versatile and can be used to prepare nanomaterials of various 

substances on substrate surfaces that can withstand required temperatures. 
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 G. R. Asoka Kumara et.al have prepared interconnected FTO nanoparticles by 

spraying vertically on to soda lime glass surfaces and used these transparent conducting 

glasses in dye-sensitized solar cell (DSC) applications (10). K.A.T. Amalka Perera et.al 

have also prepared various nanotechnological architectures of ZnO using Atomized Spray 

Pyrolysis method. Interestingly, we were able to prepare a very thin layer (~1 nm thick) 

of CaCO3 coating on interconnected SnO2 particles to suppress recombination in SnO2-

based DSCs (11).  

 

3.5. Propose crystal growth mechanism of the 1-D nanostructures 

 

 We would like to propose a crystal growth mechanism for the above 1-D 

nanostructured FTO thin films by using some images as shown in the figure 8. In the 

initial stage of the horizontal spray process, arriving fine droplets of the FTO precursor 

solution sweep along the glass substrate and vertically-oriented FTO Nano species are 

formed. These vertically-oriented FTO nanostructures have highly reactive polar crystal 

surfaces such as (111) and (101). Hence, these unsaturated K faces are highly reactive and 

easily interact with arriving growth atoms to form 1-D structure with the increment of 

spray time duration as shown in the figure 8(b). In this case, we can see the hollow-type 

structure due to the small depression of top of the FTO nanostructure. This would be due 

to the higher growth rate of the corner atoms of vertically-oriented 1-D FTO structure.  
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Figure 8: Schematic diagram for the crystal growth of FTO 1-D nanostructures. 

 

 Further increase of the spray time duration has facilitated to fill the inner reactive 

planes and formed FTO nanorods appeared as shown in the figure 8(c). However, fine 

droplets of the atomized FTO solution react further with 1-D nanostructure and result to 

formed needle-type 1-D structure as shown in the figure 8(d) and finally, these one-

(a) (b) (c) (d) 

(e) 
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dimensional nanostructures grow and tends to cross-link with spray time duration. This 

may be due to the mass effect of the deposited FTO droplets.  

     

3.6. Conclusion 

 

A versatile method has been developed to prepare various nanotechnological 

structures of fluoride-doped tin oxide transparent conducting thin layers on ordinary soda 

lime glass surfaces. Different architectures can be obtained simply by controlling only 

the deposition time. The method developed is called PASP where a stream of fine droplets 

of precursor solution is sprayed horizontally for 2 s on and 13 s off pulse program onto 

glass substrate surface resting on a hotplate placed in the pyrolytic chamber, which is pre-

heated to 500 °C. Materials present in the precursor solution then undergo pyrolysis to 

form FTO 0-D seed particles at the shortest time scale of spray,  

Which follows the erection of seed particles from their corners to result in 

approximately vertically-aligned uncapped nanorods with depression at the top of the 

structure. Further spray gives almost vertically-aligned capped nanorods. Finally, the top 

surface of the capped nanorods is covered by extensively cross-linked nano-needles. 

Conversion of 0-D nanoarchitectures to 1-d materials results in the decrease in 
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crystallinity as shown by XRD results. XPS results reveal that the initially formed FTO 

seed particles have 0.8% fluoride doping with FTO coverage of 75% on the glass surface. 

The surface coverage by FTO does not change due to the formation of uncapped nanorods 

and capped nanorods.  

 

However, when there are extensively cross-linked nanorod architectures are 

formed surface coverage increases to 90% since this cross-linked layer has been formed 

in the horizontal plane on top of the vertically-aligned nanorods. These thin layers have 

optical transmission in the range from 80% to 70% as more and more complicated 

structures are formed due to prolonged spray pyrolytic deposition. The versatility of this 

technique is not limited to FTO layers but it can also be used to fabricate any other thin 

layers on various substrate surfaces. 
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CHAPTER 04 

Synthesis of 1-D nanostructured FTO Thin Films at Higher Fluorine 

Concentration 

The following chapter describes the use of Rotational Pulsed and Atomized 

Spray Pyrolysis Deposition Technique to fabricate FTO nanostructured thin films with 

different fluorine concentrations. The higher fluorine concentration shows a great 

influence to crystal growth of 1-D nanostructured FTO thin films even at a large angle of 

the spray direction of RPASP technique. The prepared FTO nanorods show cubic 

structure of the tin dioxide. The pressure effect for the growth of cubic FTO nanostructure 

has explained in details and electrical properties of the thin films has also presented.  

 

4.1 Introduction 

 

 The transparent conducting oxides (TCOs) materials have become more 

attractive topic in the technological fields due to its advance properties for device 

performance [1]. The different film morphologies such as 1-D and 3-D nanostructures 

have getting more advantage to enhance the performance of the applications in industrial 

sectors [2-6]. 
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 In the previous chapters, we introduced the simple and cost effective SPD 

technique, which can be used to prepared 1-D nanostructured FTO thin films. Also, we 

have studied the effect of the spray direction for the crystals growth of FTO 

nanostructured thin films by using that RPASP [7]. Moreover, the effect of the spray time 

durations for the 1-D nanostructured FTO thin films have also studied with more 

analytical details. In this section, we are going to introduce another method to grow one-

dimensional nanostructured FTO thin films by using different molar ratios of fluorine 

even at higher spray angle to the substrate. The prepared FTO nanorods show cubic 

structure of tin dioxide with (111) direction as the predominant plane.      

 

4.2  Experimental 

 4.2.1 FTO thin films fabrication 

 Tin (IV) chloride pentahydrate [SnCl4.5H2O 98%, Wako Chemicals], 

ammonium fluoride (NH4F 98%, Aldrich Chemicals) and propanone used were 

purchased and used without further purification. Soda lime glasses were cleaned 

thoroughly with deionized distilled water using a textran first and then they were 

ultrasonically cleaned in 1:1 v/v mixture of ethanol: acetone in an ultrasonic bath. 
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FTO precursor solution was prepared by mixing SnCl4.5H2O and NH4F in 

deionized water with addition of propanone. The concentration of SnCl4.5H2O was fixed 

at 0.20 M and Mass of theNH4F was changed in order to control the Sn: F molar ratios as 

shown in the Table 1.  

 

FTO precursor solution was sprayed on to the soda lime glass substrate with 50 

mm x 50 mm size by using the RPASP technique and air as a carrier gas. The glass 

substrate was put onto the hot plate and preheated at 470°C for 10 minutes. The spray 

pressure of precursor solution was 0.20 MPa and the nozzle distance from the glass 

substrate was around 0.5 cm.The spray angle was kept at higher angle to the substrate 

which was around 450 with the substrate surface. The each FTO thin films with different 

Sn: F molar ratio was prepared by using 2s on and 13s off spray pulses. This was helped 

to maintain the substrate temperature constant during the spray time period. The 50ml 

volume of the precursor solution used to fabricate each FTO thin film. The thin films 

formed through each precursor solutions with different molar ratios were subjected to 

Scanning Electron Microscopy (SEM, JEOL JSM-6320F), X-Ray Diffractometer (XRD, 

Rigaku RINT Ultima-III, CuKF, F=1.541836 Å) and UV-Visible spectroscopy (JASCO 

V630). The sheet resistance of the thin films measured by using linear 4 probe system. 
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Table 1: FTO thin films with various Sn: F molar ratios. 

 

Sample No SnCl4. 5H2O(g) NH4F (g) Molar Ratios 

1 3.50 0 Un-doped 

2 3.50 0.37 1 : 1 

3 3.50 0.75 1 : 2 

4 3.50 1.11 1 : 3 

5 3.50 1.50 1 :4 

6 3.50 1.85 1 : 5 

7 3.50 2.22 1 :6 

 

4.3 Results and Discussion 

  4.3.1 Morphological properties 

  The morphology of the thin films prepared with different Sn: F molar ratios are 

shown in the Figure 2. These SEM images clearly show us crystal structure of the FTO 

thin films has changed with fluorine incorporation to the lattice structure of Tin dioxide. 

Vertically oriented small nanograins has formed with undopped tin dioxide. Then the 

size of the nanocrystals has slightly enhanced with fluorine doping. Sample with 1: 3 

molar ratio shows large nanoparticles due to substitute of Fluorine ions in to the proper 

lattice positions in the tin dioxide and growth the crystals with pyrolysis process of the 
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reaction. 
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Then the grain size of the FTO nanoparticles has reduce with the increase of 

fluorine doping amount and lot of irregular grains can be seen the sample prepared with 

1: 5 molar ratios. However, we observed the compact structure with lot of smaller grains 

between larger grains. So, density of smaller grains increased at doping level of 1:5.  

Finally, vertically aligned one-dimensional nanostructured FTO thin films could be able 

to synthesized with 1: 6 molar (Sn: F) ratios. The phenomena of the formation of FTO 

nanorods can be explain as follows. In the initial stage, doping of smaller amount of 

fluorine substitute to the proper lattice position and cause for the increment of grain size, 

but higher amount of fluorine doping increase the amount of fluorine ions without 

Figure 1: SEM images of FTO thin films deposited with different Sn: F molar ratios (a) undopped, 

(b) 1: 1 , (c) 1: 2, (d) 1: 3, (e) 1: 4, (f) 1: 5 and (g) 1: 6 of the precursor solution. 

 

(g) 
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 substitute to the oxygen in the lattice structure. This may act as the impurities 

to the system and it can restrict the growth of FTO crystals in horizontal directions and 

provide rooms to grow in vertical direction. As the result, crystal grow in the vertical 

directions and formed nanorods with sufficient amount of precursor and spray rate. A.V. 

Moholkar et.al have also studied about the effect of the fluorine doping for FTO thin films 

by using SPD technique and they also reported that dramatic change of morphology of 

FTO microstructure occurred with fluorine doping concentration [8].   

 

4.3.2 Structural studies 

 

Figure 2 shows the XRD patterns of FTO thin films prepared by the precursor 

solutions with various Sn: F molar ratios. The results clearly shows that the some strange 

peaks are appeared as the preferred orientation for the doped nanostructured thin films.  
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Figure 2: X-ray diffractograms of the FTO thin films deposited with different fluorine molar 

ratios. 

 

1:4 
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These peaks are identify as the (111) and (222) plane of the cubic structure of tin 

dioxide according to the PDF card no 00-050-1429 of PDXL XRD analysis software. 

Other peaks can be assigned to the tetragonal structures of tin dioxide based on the PDF 

card no 00-041-1445 of PDXL XRD analysis software. Therefore, both cubic and 

tetragonal structure of tin dioxide present for the FTO thin films and only (111) plane of 

the cubic tin dioxide was exist as the preferred orientation for the FTO 1-dimensional 

nanostructured thin films prepared at higher fluorine concentration. Normally, cubic 

structure of tin dioxide is unstable and synthesize under higher pressure such as 48 GPa 

[9]. However, obtain of the cubic structure of FTO nanorods thin film can be explain as 

below. In this experiment, we use atomizer to break large particle of precursor solution 

and as a result fine atomized mist like solution allow to deposit on hot glass substrate at 

very low distance of the nozzle. So, these conditions may provide the well enough 

pressure for the fine atomized droplets to deposit on the glass substrate, though we have 

used around 0.20 MPa pressure during the experiment. Also, low nozzle distance (0.5 cm) 

facilitate to deposit large amount of aerosol spray of the precursor solutions on the 

substrate at fast rate with specific time duration. Therefore, both cubic and tetragonal 

phase of tin dioxide formed in the initial stage of the reaction. Normally, (111) planes 

are polar and highly reactive because there are plenty of unsaturated bonds cutting their 
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surfaces [10]. 

 Therefore, arriving atoms of the precursor solution react with the (111) plan at 

fast rate and crystals have grown along that plane. The sample synthesized at the highest 

fluorine molar ratio (1:6), excess fluorine ions suppress the growth of crystals in 

horizontal directions and allow to grow in vertical direction to formed FTO nanorods with 

cubic (111) plane as the preferred crystal growth orientation due to its highly reactive 

feature. Jian Tao Wang et.al have also reported that cubic tin oxide crystal structure can 

be synthesis at fast rate as long as sufficient growth atoms are provided and it can’t be 

changed by even high fluorine doping [11].  

 

The lattice parameters show the physical dimension of unit cells in a crystal 

lattice. Hence, we have calculated the lattice parameters of both cubic and tetragonal 

structures by using cellcalc software. The data of the thin film prepared at 1:4 mole ratio 

was used for the calculation. Table 2 shows the values of lattice parameters with their 

reference values.   
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Table 2: Lattice parameters of the FTO thin film prepared at 1:4 molar ratio. 

 

Crystal Structure 
Lattice constant 

     a b c 
Reference 

Cubic (111),(222) 4.88882 4.88882 4.88882 a=b=c=4.88830 

Tetragonal (110), 

(200) 
4.75424 4.75424 3.16571 

a=b=4.73700 

c=3.18500 

 

These data confirmed us lattice parameters of (111) and (222) are matching with 

the cubic structure of tin dioxide and values of tetragonal structures have been deviated 

from their reference data. This may be due to the nanocrystalline nature of FTO and 

present of both cubic and tetragonal structures in the thin film.   

 

4.3.3 Optical and Electrical properties 

 

The 1-D nanostructured FTO thin film synthesis at high fluorine concentration 

show good optical transparent in the entire visible range with percentage of maximum 

transmittance value around 74.6% as depicted in Figure 3. However, transmittance has 

little bit reduced when compare with tetragonal FTO nanorods which I have presented in 

the previous chapters. This may be due to the effect of excess fluorine impurities in the 

film. The electrical conductivities of the thin films are shown in the Table 3.  
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Figure 3: The optical transmittance of the FTO nanorods thin film. 

 

We did not focus to enhance the conductivity of the FTO thin films with this 

experiment. But, these values would be very useful to identify the proper amount of 

doping level of the fluorine to enhance the electrical conductivity. The high sheet resistant 

values may be due to the low films thickness and lack of contact between the nanorods 

prepared on normal glass substrate.  However, thin film prepared at 1: 3 mole ratio 

shows the lowest sheet resistance value for the FTO thin film. This is due to the large 

crystal size of the FTO nanoparticles as fluorine substitute to the proper lattice positions 

of the oxygen vacancies and hence increase the crystal size with pyrolysis process. Also, 

fluorine substitution may enhance the effective free carrier charge density of the thin film.  
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Table 3: Sheet resistance of the FTO thin films. 

 

Sample No Molar Ratios Sheet Resistance 

1 Un-doped 13.73 MΩ 

2 1 : 1 1.870 MΩ 

3 1 : 2 329.20 KΩ 

4 1 : 3 20.30 KΩ 

5 1 :4 48.20 KΩ 

6 1 : 5 3.46 MΩ 

7 1 :6 7.62 MΩ 

 

 

4.4 Annealed Testing 

  

In order to confirm the synthesized FTO thin films consist with both cubic and 

tetragonal structure of tin dioxide, annealing testing was carried out. Cubic structure of 

tin dioxide is not stable when compare with the tetragonal structure. We used a FTO thin 

film prepared at 400 °C with 1:4 mole ratio for the test. Then the FTO thin film was 

annealed at 600 °C for 1 h in an electrical furnace. The interesting results have been 

observed as shown in the Figure 4. The XRD data clearly shows us both (111) and (222) 

peaks are disappeared after annealed test.   
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                  (c)               (d) 

Figure 4: SEM and XRD data of FTO thin film before annealed and after annealed test, (a),(c) 

before annealed test and (b),(d) after annealed test. 

 

 Therefore, we can conformed that the both (111) and (222) peaks are belonging 

to the cubic structure of tin dioxide and the conditions used in the RPASP techniques are 

well enough for synthesize cubic structure of tin dioxide in normal atmospheric 

environment. Also, we have carried out additional experiments by changing spray 

parameters such as spraying pressure and nozzle distances. Though, we did not report 

those results here, low nozzle distance from the substrate and high spraying pressure of  

(a) (b) 
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 atomized spray pyrolysis technique was well enough to provide sufficient growth 

atoms at fast rate for the formation of cubic structure of tin dioxide. 

 

4.5  Conclusion 

 

Advance version of SPD technique, known as RPASP technique was used to synthesize 

the one-dimensional nanostructures of FTO thin film on glass surfaces. Though, spraying 

at low angle to the substrate is very important to the formation of FTO 1-D nanostructures, 

we can produce FTO nanorods even at large angle spraying with high fluorine 

concentration of the precursor solution. Fluorine substitute for the oxygen vacancies in 

the tin oxide lattice structure and enhance the size of the crystal with pyrolysis process up 

to 1:3 mole ratio and crystal size decreased thereafter due to effect of the fluorine ions 

which are not substitute for the proper lattice positions of the tin dioxide.. Finally, the 

FTO thin film prepared at 1:6 mole ratio facilitate eradiate crystals in vertical direction to 

form vertically aligned FTO nanorods with small depression at the top. The formed FTO 

nanarods show (111) direction as the preferred crystal growth orientation of the cubic tin 

dioxide. This was due to the effect of low nozzle distance of the RPASP technique. The 

fabricated 1-D nanostructured FTO thin film show good optical transparency in the 
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visible range and low electrical conductivity due to the lack of interconnectivity of 

nanorods on normal glass substrate.  
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CHAPTER 05 

Improving the performance of 1-D nanostructured FTO thin films and 

application 

The following chapter describes the use of Rotational Pulsed and Atomized 

Spray Pyrolysis Deposition Technique to fabricate one-dimensional nanostructured FTO 

thin films with different additives such as propanone, ethyl alcohol and iso-propanol. The 

purpose of the use of different additives is to study the effect of their chemical features for 

the growth of FTO nanostructure. The crystal growth of 1-D nanostructured FTO thin 

films with these additives have showed interesting features and properties of the films 

morphology and texture discussed in details. The conductivity of the FTO nanorods has 

improved with commercial FTO glass as the substrate and finally, performance of the 

dye-sensitized solar cells was studied with 1-D nanostructured FTO thin films as the 

transparent front electrode of DSSCs.   

 

5.1 Introduction 

 

 This section describes preparation and characterization of the optically-

transparent and electrically conducting thin films of fluoride-doped tin dioxide (FTO)  
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  one-dimensional nanostructures and features of the purpose-built, novel and 

advanced version of spray pyrolysis technique, known as Rotational, Pulsed and 

Atomized Spray Pyrolysis. This technique allows perfect and simple control of 

morphology of the nanostructures of FTO layer by adjusting the spray conditions. Effect 

of the different additives on crystal morphology, size and texture of the 1-dimensional (1-

D) nanostructured FTO thin films is studied. Vertically aligned and well separated 

nanotubes are easily fabricated using propanone and ethanol as additives. We suggest that 

propanone additive plays a role to form vertically aligned nanotubes with (101) 

preferential orientation while (110) face is the predominant plane of well separated 

nanotubes with ethanol additive. The conductivity of the 1-D nanostructured thin films 

are also enhanced using the commercial FTO glasses as a substrate. 

 

5.2  Experimental 

 5.2.1 Formation of FTO thin Films 

  

 Tin (IV) chloride pentahydrate [SnCl4.5H2O 98%, Wako Chemicals], 

ammonium fluoride (NH4F 98%, Aldrich Chemicals), propanone, ethanol and 

isopropanol used were purchased and used without further purification. Soda lime glasses
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  were cleaned thoroughly with Deionized distilled water using a textran first and 

then they were ultrasonically cleaned in 1:1 v/v mixture of ethanol: acetone in an 

ultrasonic bath. FTO precursor solution was prepared by mixing SnCl4.5H2O and NH4F 

in deionized water with addition of different additives (propanone, ethanol and 

isopropanol). The concentration of SnCl4.5H2O was fixed at 0.20 M and NH4F was 

controlled to be 0.80 M.  

 

As shown in Fig 1, the FTO precursor solution was sprayed on to the soda lime 

glass substrate with 50 mm x 50 mm size by using the RPASPD technique and air as a 

carrier gas. The glass substrate was put onto the hot plate and heated at 470°C. The 

materials in precursor solution are transferred to the glass substrate by atomizing the 

solution and form the required nanostructures after evaporation of the solvent. The spray 

pressure of precursor solution was 0.15 MPa and the spray angle was kept at low angle 

to the substrate. Distance between the spray nozzle and the substrate surface is fixed to 

be 1 cm. Also we sprayed only for 2 s with an interval of 13 s and repeat the cycle (2s on 

and 13a off pulse) to keep the substrate temperature. The spray duration is controlled by 

total amount of the precursor solution. 
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Figure 1: Basic setup of RPASPD method 
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5.2.2  Characterization 

 

 The thin films formed through each precursor solutions were subjected to 

Scanning Electron Microscopy (SEM, JEOL JSM-6320F), X-Ray Diffractometer (XRD, 

Rigaku RINT Ultima-III, CuKF, F=1.541836 Å) and UV-Visible spectroscopy (JASCO 

V630). 

 

5.3 Results and Discussion 

  5.3.1 Film morphology 

 Figure 2 shows the SEM images corresponding to the FTO thin films with 

different additives, where 100 ml of the precursor solution is sprayed on the soda lime 

glass, respectively. These images clearly show that the morphology of one-dimensional 

(nanotubes) nanostructured thin films has changed with the different additives. Also the 

SEM images confirm that the prepared thin films are crack-free and uniform. It was really 

difficult to prepare clearly visible and well separated 1-D FTO nanotubes only using water 

based solution, which could be attributed to a poor pyrolytic reaction of the water based 

solution. As a result, generated tiny nanotubes have fused together and finally formed 

grains. 
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(d) 

Figure 2: SEM images of FTO thin films deposited with (a) water, (b) propanone, (c) ethanol and (d) 

isopropanol of the precursor solution. 

 

(c) 
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Figure 2 (b) clearly shows that the vertically aligned and separated FTO 

nanotubes are synthesized with propanone as an additive in the precursor solution. 

Propanone has an ability to break the relatively strong bonds between water molecules by 

making hydrogen bonds between slightly positive hydrogen of water molecule and a lone 

pair on the oxygen in the carbonyl group [1]. This may facilitate to increase the pyrolysis 

reaction of atomized FTO solution to synthesize the 1-D nanostructured thin films. As 

shown in the Fig. 2 (c), almost vertically aligned and well separated nanotubes are also 

easily fabricated with ethanol as an additive. The size of the nanotubes increases with an 

addition of ethanol and it varies from 50 nm to 100 nm in the range. The formation of 

FTO nanotubes in the presence of ethanol can be explained in the following way. It is 

expected that ethanol react with in SnCl4, and cuts the periodic bond chains of Sn(OH)4 

which is formed by the reaction of SnCl4 with H2O. Then water molecules in the solution 

react with the Sn-(OCH2CH3) molecules to form Sn(OH)2 leading to the well separated 

SnO2 nanotubes. It was really difficult again to prepare the vertically aligned FTO 

nanotubes with isopropanol as an additive. As shown in Fig. 2 (d), most of the 1-D 

nanostructures have grown along horizontal directions as well. This phenomenon can also 

be explained by using the properties of isopropanol in the precursor solution. Wang et al, 

has also reported that the morphology of FTO thin films changed with the addition of 
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different additives [2]. 

 

5.3.2 XRD analysis 

 

Figure 3 shows the XRD patterns of FTO thin films prepared by the precursor 

solution with the different additives. The results confirm that the nanostructured thin films 

belong to the cassiterite types with tetragonal rutile structure (PDF card no 01-077-0447 

of PDXL XRD analysis software). Peaks for SnO or Sn phases are not detected, which 

indicates that the films are fully oxidized. The occurrence of a specific growth direction 

depends on many parameters. Specially, the precursor materials used for deposition and 

the thermodynamics of deposition conditions are important parameters. In this study, the 

low angle spraying to substrate is mandatory in order to fabricate the 1-D nanostructures. 
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Figure 3: XRD profiles of the FTO thin films prepared with (a) water, (b) propanone, (c) ethanol 

or (d) isopropanol as an additive in the precursor solution. 

 

Figure 3 (a) clearly indicates that the 1-D nanostructures tends to grow along 

(101) direction. But, as shown in the SEM image, it was difficult to grow well separated 

nanotubes. Therefore, several peaks such as (110), (200), (211) and (301) also presence 

with the (101) preferred orientation. As shown in Fig. 3 (b), the predominant peak for 

FTO nanotubes grown with propanone is also (101) direction. Preferred orientation of the 

film, implying an enhancement in the number of grains of 1-D nanostructures along the 

(101) plane.  

 

XRD data also confirm that the well vertically aligned nanotubes can be 

fabricated with propanone as an additive. FTO nanotubes with ethanol show the (110) as 

the predominant plane as shown in Fig. 3 (b). The (110) crystal faces are the side planes 

of FTO nanotubes, and due to large gaps among nanotubes (as shown in Fig. 2 (b)) these 

planes can be easily detected by XRD. Also, the (110) plane is the thermodynamically 

most stable plane due to the lowest surface energy [3,4]. 
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5.3.3 Optical and Electrical measurements 

 

All 1-D nanostructured FTO thin films are highly transparent in the entire visible 

range with percentage of transmittance values of 85.0%, 84.0% , 83 % and 76.0%, 

respectively. Although the visible light transmission of all prepared FTO thin films show 

high values, the conductivities are not seemed to be good in the nanostructured thin films 

due to a lack of contact among nanostructures. Therefore, the 1-D nanostructured FTO 

thin films were prepared on a commercial FTO glass in order to enhance a conductivity 

of the thin films. 

 

Vertically aligned 1-D nanostructures are successfully fabricated on the 

commercial FTO glass surface as shown in Fig. 4 (a). In this case, total amount of 

spraying precursor solution was 50 ml.  

 

The thin film shows a high transmittance value over 85% in the visible range as 

shown in Fig. 4 (c) and a good electrical conductivity (surface resistance is 25.6 Ω) at the 

same time. As shown in Fig. 4 (b), preferred orientation of the 1-D nanostructured thin 

films on commercial FTO has changed to the (200) direction.  
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This is due to the substrate effect of the commercial FTO. For tetragonal rutile 

SnO2, [200] orientation has a low atomic density and a minimum interfacial energy [5, 6, 

7]. Here, the commercial FTO layer serves as both a nucleation source for determining 

the predominate orientation of over layer and a barrier layer against Na diffusion from 

the glass [3].  

 

 

(a) 
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Figure 4: 1-D FTO thin films fabricated on the commercial FTO with ethanol as an additive: (a) 

SEM image, (b) XRD profile and (c) UV-Vis spectrum. 

 

 

5.4 Application of 1-D nanostructured FTO thin film 

 

 The prepared one-dimensional (nanorods) nanostructured FTO thin films on 

commercial FTO glass substrate was applied to the front electrode of the dye-sensitized 

solar cells (DSSCs) in order to compare the performance of DSSCs with 1-D 

nanostructured FTO thin films and commercial FTO.  

 

 DSSCs have become one of the most attractive and promising device to get 

electrical energy from freely available sun light. Also, this is a cost effective, simple and 

environmental friendly method to generate electricity and many researchers have been 

working on this field to enhance the power conversion efficiency of the device. 

 

 In this study first, we have assembled DSSCs with commercially available glass 

substrate as the working electrode to get higher efficiency. After that, DSSCs assembled 

with 1-D nanostructured FTO thin films in order to compare the performance between  
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 them. The fill factor (FF), open circuit voltage (Voc), current density (Jsc) and 

power conversion efficiency (Eff) of the solar cells will be discussed in the following 

section. Anyway, the DSSCs with FTO nanorods was showed higher FF and Voc values 

than that of with commercial FTO glasses. However, power conversion efficiency was 

quit low due to less film thickness of the photo anode of DSSCs with FTO nanorods. 

Therefore, further research work need to be carried out in order to improve the 

performance of DSSCs.    

 

5.5 Experimental 

 5.5.1 Materials 

Ethanol, TiO2 powder (Degussa 25), Acetic acid, Triton-X-100, iodine, lithium 

iodide, 4-tert-butyl-pyridine, 1-Butyl-3-Methylimidazoliumiodide, 3-

methoxypropionitrile and N-719 dye were purchased and used without further 

purification. The commercial FTO glass substrates (12 Ω/cm2) purchased from SPD ink 

laboratory of Japan. 

 

 5.5.2 Nanocrystalline TiO2 film preparation 

 The TiO2 electrodes were prepared by spray pyrolysis deposition technique using  

mixture of TiO2 colloid at 160 °C. TiO2 (P25) powder was preheated at 400 °C for 30 
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  minutes and allowed cool into room temperature before use it. Then the 

different combinations of TiO2 colloid solutions were prepared by mixing TiO2 powder 

(0.2g, 0.3g, and 0.4g), ethanol (20ml, 30ml, and 40ml), acetic acid (3drops, 4drops and 

6drops) and Triton-x-100 (5drops, 7drops and 10drops) respectively. Each    photo 

anode thin films prepared by spraying above solutions and plates were sintered at 500 °C 

for 30 minutes in an electric furnace. Then allowed the TiO2 plates to cool down to the 

temperature around 70 °C and plates were dipped in 3×10-4 M ethanol solution of the N-

719 for 12h to adequately absorb the dye. 

 

5.5.3 Assemblage of the DSSCs 

 The each TiO2 photo anode plates were cleaned with acetonitrile and dry with 

air gun. Then DSSCs were assembled by filling the electrolyte included with 0.6 M 1-

Butyl-3-Methylimidazolium iodide,0.1 M LiI,0.1 M I2, 0.5 M tert-butylpyridine in 3-

methoxypropionitrile aperture between the TiO2 working electrode and Pt-coated FTO 

counter electrode. The two electrodes of each cells were clipped together and the I-V 

characteristics was carried out using a calibrated solar simulator under incident light 

intensity 1.5 AM, 100 mWcm-2 . The exposed active area of the each cell is 0.25 cm2. 
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5.6   Results and Discussion 

 

 The performance of the each solar cells with commercial FTO glass substrate as 

the working electrode were listed and photovoltaic parameters such as fill factor (FF), 

open circuit voltage (Voc), current density (Jsc) and overall power conversion efficiency 

(η) [8] are shown in the Table 1. 

Table 1: IV parameters of DSSCs fabricated from commercial FTO. 

Sample 
Ethanol 

(ml) 
P25 (g) Voc (V) 

Jsc 

(mA/cm2) 
FF η (%) 

1 20 0.2 0.379 7.934 0.678 3.651 

2 20 0.3 0.710 14.910 0.610 6.450 

3 20 0.4 0.731 10.650 0.661 5.141 

4 30 0.2 0.715 9.372 0.671 4.050 

5 30 0.3 0.669 11.560 0.699 5.404 

6 30 0.4 0.707 10.690 0.667 5.036 

7 40 0.2 0.732 9.351 0.702 4.806 

8 40 0.3 0.705 10.210 0.691 4.968 

9 40 0.4 0.682 11.250 0.597 4.588 
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The parameters of the nine DSSCs samples are presented in the Table 1. 

According to that, the best power conversion efficiency was obtained for the sample 

fabricated with 20 ml of ethanol and 0.3 g of TiO2 (P25). The SEM images of the TiO2 

photo anode thin films with top 3 DSSCs  efficiency on commercial FTO glass 

substrates are shown on Figure 5. 

 

 

(a) 

 

(b) 
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(c) 

Figure 5: The SEM images of the TiO2 photo anode thin films of commercial FTO glasses with 

best three DSSCs efficiency (a) 6.450 %, (b) 5.404 %, (c) 5.141 %. 

 

 As shown in Figure 5 (a), the SEM image of the photo anode thin film with the 

best power conversion efficiency is consisted with crack free and interconnected TiO2 

particles when compared to the other samples. Hence, it provides better path for the 

charge carrier mobility and as a result current density has increased. These results we 

have confirmed at several time by repeating the DSSCs with same procedure. Hence, 

these DSSCs results are reproducible with above fabricate conditions. 

 

 We used the same procedure to fabricate DSSCs using our 1-D nanostructured 

FTO thin films as working electrode. The performance comparison of DSSCs with 
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commercial FTO glass and FTO nanorods thin films as the front electrode are shown in 

the Table 2.   

Table 2: The parameters of DSSCs fabricated with commercial FTO substrate and FTO nanorods 

thin films. 

No Sample Voc FF Jsc η(%) 
Thickness 

(TiO2 Film) 

1 
Commercial 

FTO 
0.710 0.610 14.910 6.450 10 µm 

2 
FTO 

nanorods 
0.720 0.730 5.490 2.900 6 µm 

 

 As clearly shown in the above table, the DSSCs fabricated with FTO nanorods 

as the front electrode has higher Voc and FF values than that of with commercial FTO 

glass. But, the current density and power conversion efficiency show low values than 

DSSCs with commercial FTO. This may be due to the less film thickness of the TiO2 

photo anode with FTO nanorods array. Hence, dye loading and absorbance of light has 

decreased. The images of the both commercial and nanorods FTO photo anode after N 

719 dye attached are shown in Figure 6.  

 

  (a)     (b) 
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Figure 6: Photographs of the TiO2 electrode after N 719 dye attached. (a) Commercial FTO, (b) 

FTO nanorods    

It also confirmed that the low dye attachment for the thin films consisted with 

FTO nanorods and has resulted to generate less free charge carriers. When we are 

spraying the TiO2 solution on the FTO nanorods thin films, large portion of the solution 

can be go out without deposit on it due to hydrophobic effect of the nanostructures. 

Therefore, further research need to be carried out in order to improve the TiO2 film 

thickness of the DSSCs with FTO nanorods. Specifically, preparation method of TiO2 

colloidal precursor solution should be changed by introducing TiO2 fine particles mixture 

such as Tayca. 

 

5.7 Conclusion 

 

A novel and improved SPD technique, known as RPASPD technique has been developed 

to prepare the different nanostructures of FTO thin film on glass surfaces. Low angle 

spraying to the substrate is very important to grow the 1-D nanostructured thin films. FTO 

nanostructured thin films were prepared with the addition of different additives, H2O, 

propanone, ethanol or isopropanol in the precursor solution.  
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Prepared thin films were characterized for investigating an effect of the additive  

on the 1-D nanostructured morphology and texture. Vertically aligned and well separated 

nanotubes were fabricated with propanone or ethanol as an additive. The preferred 

orientation of nanotubes with propanone was along (101) direction while it was along 

(110) plane with ethanol as an additive. It was difficult to grow vertically aligned 

nanotubes with water or isopropanol. Prepared 1-D nanostructured FTO thin films had 

excellent optical transparency in the visible range. Conductivity of the thin films was 

improved by using commercial FTO glass as the substrate. The rotational mode of this 

technique was important to enhance the homogeneity of FTO thin films. Open circuit 

voltage and fill factor of the DSSCs with 1-D nanostructured FTO thin films were 

enhanced when compared with commercial FTO substrate as the working electrode.  
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CHAPTER 06 

Conclusion 

 

6.1 Summary of Results 

 

 The experimental results presented and discussed in this research study mainly 

based on the synthesis, characterization and applications of fluorine doped tin oxide 

(FTO) one-dimensional nanostructured thin film. FTO is a one of most attractive metal 

oxide semiconductor material among wide variety of transparent conducting oxides 

(TCOs). FTO thin films show quite stable toward atmospheric conditions, mechanically 

hard, chemically inert, low cost and ability to withstand high temperatures.  

 

 One-dimensional nanostructures such as nanorods, nanotubes, nanowires and 

nanoneedles are have been vastly used in many advanced technological applications in 

recently. These nanostructured TCOs thin films are used to enhance the performance of 

many devices such as flat panel displays, low emissivity windows, electrochromic 

windows, light-emitting diodes, gas sensors, electromagnetic shielding and front-surface 

electrodes for solar cells. These low-dimensional nanostructures provide high surface 

area when compare with to their volume, high fraction of similar chemical surface and  
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 improved materials characteristics due to the quantum confinement effect of 

nanoscale. In our research work, we have developed one-dimensional nanostructured 

FTO thin films in order to apply for the working electrode of the dye-sensitized solar cells 

(DSSCs). Normally, these transparent and conducting oxides thin films consist with 

nanograins. However, when we introduce such FTO nanostructures to the front electrode, 

it help to improve the light transmittance, interfacial surface area and light scattering 

between photo anode and FTO electrode as these films are acting as brag reflectors. Hence, 

light trapping increase to provide higher light absorption by photo active layer to enhance 

the power conversion efficiency of the DSSCs. 

 

 FTO-coated glasses can be fabricated by various methods. These include Metal-

Organic Vapor Phase Epitaxy, Molecular Beam Epitaxy, Vacuum Arc Plasma Evaporation, 

Magnetron Sputtering, Ultrasonic Spray Pyrolysis (USP) and Spray Pyrolysis. In USP, 

ultrasound is used to atomize the spray solution and special corrosion-resistant cobalt A12 

series ultrasonic nozzles are used in the fabrication of thin films of TCO materials, on 

various substrates, such as glass. All these methods, however, produce FTO nanoparticle 

grains with zero-dimensional (0-D) morphologies. Among these techniques, spray 

pyrolysis deposition (SPD) is considered as quite simple and cost effective method to 
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synthesized TCOs thin films. 

 

 We have designed and developed low cost novel SPD technique which is known 

as Rotational, Pulsed and Atomized Spray Pyrolysis (RPASP) to fabricate one-

dimensional (1-D) nanostructured FTO thin films. This technique is versatile and several 

spray parameters can be controlled to achieve desire nanostructures. In the first stage of 

the research, we investigated the perfect method to fabricate FTO nanorods thin films. 

The 1-D nanostructured FTO films are formed on glass substrate by preciously 

controlling spray angle and other required parameters of RPASP. The spraying at low 

angle to the substrate is mandatory for the erection of FTO crystals along vertical direction. 

Therefore, vertically aligned and well separated FTO nanorods can easily be prepared 

with (101) direction as the predominant orientation. The fluorine substitution to the 

oxygen vacancies of the tin oxide lattice structures can be monitored with Fourier 

transformed infrared spectrometer. Though, FTO nanorods thin films show high 

transmittance in the visible region, conductivity of the thin films was low due to lack of 

contact of the under layer of nanostructures on normal glass substrate. 
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 In the next step of the research study, various nanotechnological architectures of  

FTO thin films could be able to fabricate on soda lime glass substrate by controlling the 

deposition time of the RPASP technique. The fine atomized aerosol stream of the FTO 

precursor solution is sprayed horizontally to the glass substrate with 2 s on and 13 off 

pulse programmed in order to maintain the substrate temperature. The materials presents 

in the precursor solution undergo pyrolysis reaction at higher temperature of the substrate 

in order to form FTO seed particles at the shortest time of the spray. Then, these FTO 

particles grow along the vertical direction to result in almost vertically aligned uncapped 

nanorods and then convert into the capped nanorods with further increment of the spray 

time duration. Finally, extensively cross-linked nanoneedles formed due to prolonged of 

spray time duration. The optical transmittance of the prepared FTO nanostructured thin 

films was in the range from 70% to 80% in the visible region. XRD results confirmed that 

the from FTO nanostructures are belongs to the cassiterit mineral form of tin oxide in its 

tetragonal rutile crystal structure. XPS and FT-IR data clearly indicate the presence of 

oxygen vacancies, fluorine doping level of each thin films and possible chemical bond 

structures of the FTO lattice respectively. Hence, this section of the research work has 

proved us FTO nanostructures can be controlled kinetically simply by changing spray 

time duration of the RPASP.  
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 The preparation of one-dimensional nanostructured FTO thin films using a 

higher spraying angle to the substrate could also be able to achieve with RPASP technique. 

In this section, we investigate the effect of fluorine concentration for the crystal growth 

of FTO nanorods thin films. The obtained results are confirmed us FTO naorods thin films 

can simply be synthesized with high fluorine concentration in the precursor solution. The 

fluorine ions substitute for the proper lattice positions of tin oxide crystal structure at the 

initial stage and crystal size enhanced with the pyrolysis process. However, crystal 

morphology was disordered with the increment of fluorine molar ratio as higher amount 

of fluorine act as impurities to the system without substitute for the proper lattice position. 

Hence, crystals grow along vertical direction and finally formed FTO nanorods at high 

fluorine concentration. The preferred orientation of the nanorods on normal glass 

substrate was along (111) direction of the cubic tin dioxide. The cubic crystal structure of 

tin dioxide formed due to the pressure effect of fine atomized precursor particles of the 

RPASP technique.  

 

 In the last chapter, our novel SPD technique which is known as RPASP 

deposition was used synthesized fluorine-doped tin oxide one-dimensional 

nanostructured thin films with different additives such as H2O, propanone, ethanol and 
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 isopropanol in the precursor solution. Spraying at low angle to the substrate 

was used to prepare these nanostructured thin films. The effect of the additives for 

morphology and textures of the one-dimensional nanostructured FTO thin films were 

investigated with detailed discussion. Propanone as an additive was facilitate to produce 

vertically aligned and separated hollow type nanorods with (111) direction as the 

predominant orientation while well-separated and higher dimensions hollow type 

nanorods was obtained with ethanol as an additives. These nanorods were grown along 

the (110) plane of the tetragonal rutile structure of tin dioxide. However, vertically aligned 

one-dimensional nanostructured thin films was difficult to obtain with water and 

isopropanol as additives. The rotational mode of the SPD technique is very useful to 

fabricate large area and well homogeneity FTO thin films on glass substrate. The prepared 

one-dimensional nanostructured FTO thin films show excellent optical transparency in 

the visible region of the electromagnetic spectrum and conductivity of the thin films was 

able to enhance by using commercial FTO as the substrate. Finally, Dye-sensitized solar 

cells (DSSCs) were assembled to compare the performance by using commercial FTO 

glasses and our 1-D nanostructured FTO thin films as the working electrodes. The results 

clearly shows that value of fill factor and open circuit voltage was improved with 1-D 

nanostructured FTO thin films and further research study is required to conduct in order  



131 

 

to increase the films thickness of photo anode. Then power conversion efficiency 

of the DSSCs with FTO nanorods will be enhanced tremendansly. 

 

6.2 Future Developmental and Perspectives 

 

 The experimental results outlined in this study provide benefit to the various 

advanced technological industries. Such as functional added glass manufacturing industry, 

photovoltaics, thermoelectric, gas sensing and other industries which are required 

transparent and conducting oxides interface as well as one-dimensional nanostructures. 

Hence, development and further research about these nanostructured thin films are 

required. 

 

 We are considering to fabricate one-dimensional nanostructured thin films by 

using various transparent conducting oxides materials such as doped ZnO and TiO2 as 

well as technologically most attractive organic material such as graphene. Graphene is 

most viable material in the modern technology. Therefore, development of conducting 

and transparent graphene nanostructured thin films are essential. We are looking forward 

to enhance the conductivity, transmittance and dimensions of the one-dimensional  
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 nanostructured thin films by using different spray parameters and conditions of 

the RPASP technique. 

 

 In first step of the development of research, we have been fabricating FTO one-

dimensional nanostructured thin films by using various tin oxide precursor solutions. As 

such, di(n-butyl)tin(iv) diacetate (DBTDA) was used to fabricated FTO thin films with 

NH4F as fluorine source. In this, needle shape FTO Nano network thin film could be able 

to synthesize as shown in the SEM image of Figure 1. Therefore, optical and electrical 

properties of the thin films will be altered.   

 

 Also, we are planning to improve our present SPD technique by introducing 

more spray parameters as well as additional automated functions. Anyway, we have 

already designed and developed our new RPASP machine with controllable spraying 

speed as required. As an example, 2s spray on means it rotates only one round to spray 

the solution in our previous SPD technique, But this new machine has a function to 

change the number of rotation circles within 2s on spray time. Hence, it is possible to 

change the speed of the spray with the new RPASP machine. This will be benefited to 

change the morphology and texture of the particular TCOs thin film. 
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Figure 1: FTO nanostructured thin films with DBTDA as the Tin oxide precursor.  

  

Finally, our present study was based on the synthesis, characterization and applications 

of FTO one-dimensional nanostructured thin films. In the future development, we planned 

to conduct more research studies base on this technique to enhance the performance and 

also hope to find more suitable industrial applications which can be develop by using our 

nanostructured thin films. 
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