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Abstract This work examines the impact of the nozzle-substrate distance (NSD) on the structural, optical and electrical properties of fluorine-doped tin oxide (FTO) thin films. The films were grown by spray pyrolysis with the chemical formulation of “Streaming Process for Electroless and Electrochemical Deposition technology” (SPEED) technique. The characterization technique such as XRD, SEM, UV-spectrophotometry and Hall Effect measurement were employed for studying the structural, optical and electrical properties of the FTO films at various NSD. The NSD was varied from 25-32cm amid the experiment. All FTO films are polycrystalline, tetragonal crystal structure with strong orientation along the (211) reflection. SEM properties study demonstrated slight reliance on NSD and have uniform films which are a disciple to substrate at NSD of 27 and 30 cm, however, crumbled at 25cm and 32cm NSD. They likewise displayed a mud-look like morphology and smooth white appearance. The average optical transmittance of all films is over 80% in the noticeable at UV range. The band gap investigation demonstrates the average value of 3.5eV and the resistivity was found to diminish with increasing NSD at 30 cm. Both mobility and carrier concentration of the FTO films follow a similar trend. The average figure of merit of 4.98	× 10����� was obtained which is an improvement based on our previous results. The FTO samples grown at 27 and 30 cm NSD in this work are best FTO samples and hence could serve as a promising candidate in dye sensitized solar cells. Therfore, graphene has been employed in different concentrations in our ongoing FTO optimization research so as to further improve on the FTO’s figure of merit. 
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1. Introduction   Among the transparent conducting oxides, fluorine-doped tin oxide (FTO) is the best material that could replace indium tin oxide (ITO) which is expensive due to the scarcity of element “indium” present in the compound [1]. It is an n-type, wide band gap semiconductor, with an average band gap of 3.5 eV and with special properties such as high transmittance in the visible range and high reflectance in the infrared, high carrier mobility, excellent electrical conductivity, and good stability at higher temperature [2]. FTO has a lot of applications which include: solar cells, protective electrodes, flat panel collectors, sensors, sodium lamps, and varistors. The microstructural, electrical and optical properties of FTO are sensitive to deposition techniques and conditions [3]. Extensive research has been focused so far on finding a way to overcome problems associated with FTO thin films through methods of fabrication and growth control [4-7]. The effect of several technological parameters such as doping concentration, solvent, substrate temperature, etc. on the properties of sprayed FTO films has been studied to determine the optimal deposition conditions to obtain as high electrical conductivity and optical transparency as possible [4-7].Numerous methods have been used for deposition of fluorine-doped thin films such as  Thermal Evaporation [4, 9], Spray Pyrolysis [4, Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 December 2017                   doi:10.20944/preprints201712.0043.v1
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 2  6, 8], Sputtering [11-12], Chemical Vapour Deposition [13–15], Painting [4, 17], Sol-Gel Coating [4, 16], Magnetron Sputtering [19], SPEED technique [18] and Photo Chemical Vapor Deposition [20]. Among the above-mentioned techniques, spray pyrolysis is the simplest deposition technique due to its simplicity, and its compatibility with large area coatings without high vacuum ambience [1]. Furthermore, the capital cost and the production cost of high-quality metal oxide thin films is lowest for sprayed thin films [10]. The spray pyrolysis a technique well suited to controlling the texture via the tuning deposition temperature and mass production and capability for uniform large area coatings. Researchers have improved upon the structural, optical, and electrical properties of FTO grown thin films using various deposition conditions. [10] have deposited high-quality ATO films varying the nozzle-to-substrate distance (NSD) and have also observed that NSD is significant in the pyrolytic reaction, whether it is homogeneous or heterogeneous. It is known that the homogeneous reaction (which affects the conductivity and the visible transparency of the SnO2, films) can be minimized by adjusting the substrate temperature and NSD [10]. We have grown FTO films by adjusting the substrate temperature and flow rate and we have found the average resistivity and transmittance to be 1.4×10-4 and 84% respectively. There is a large number of literature on the synthesis and characterization of FTO thin films by different methods though, efforts are still going on to enhance their properties–especially the figure of merit, which requires low resistivity and optical transmittance.  
2. Experimental An analytical grade of 13.9 g of tin (IV) chloride pentahydrate (SnCl4.5H2O) (source of tin) was mixed with 174 ml of ethanol and mixed in a sealed glass vial for 5 hours. The chemical formulation of SPEED technique (homemade) was adopted [1]. An analytical grade of 2.12 g ammonium fluoride, (NH4F) (to act as a source of fluorine) was added to 5.13 ml deionized water and mixed for approx. 5 hour, 30 minutes in another sealed glass vial. The two solutions in the sealed gas (fluoride and tin solutions) vial were then added together. A clear solution was obtained after a white precipitate was formed and redissolved in the solution. While other parameters were kept constant, the solution was spray pyrolyzed at NSD of 25-32cm and the substrate temperature was kept at 460oC. The thickness of 100nm was deposited on the quartz substrate at a flow rate of 1.8 ml/min. The schematic diagram of the experimental set up is shown in fig. 1. Before the deposition, substrates were degreased in acetone first, rinsed in absolute ethanol and deionized water several times, and finally dried in Nitrogen gas. In this study, varieties of characterization techniques were used to evaluate the structural, optical and electrical properties of the thin films. The study includes determination of the structural, optical and electrical properties of the films. The morphological features and determination of grain size were investigated by Scanning Electron Microscope (SEM). The band gap of the films was calculated from the absorption edge of the transmittance spectra. The Hall coefficient combined with resistivity measurement set up has been used for studying the electrical properties of the films.  
2.1. Characterization of FTO films  An X-ray diffraction (XRD) system in asymmetric out of plane geometry (with 30 kV, 40 mA, Cu Ka radiation at λ = 0.1540598 nm) was used to record the XRD pattern of fabricated films for 2θ values from 20 to 80 degrees [1]. The incidence angle measured with respect to the substrate plane was α = 15 deg. Scanning electron microscopy (SEM) images were obtained using a Zeiss Ultra 55 SEM at 5 kV to characterize the particle morphologies.  Atomic force microscopy (AFM) was performed by model 5000 Digital Instruments system in a contact mode for a 2.5 × 2.5 µ2 array to study surface topology.  A Perkin-Elmer Lambda 900 spectrophotometer collected transmittance spectra T over the wavelength range 200-1000 nm. Absorption coefficient was calculated according to Beer’s law,  
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 3  The optical band gap of the FTO samples was deduced from the absorption coefficient spectrum from equation (1).  The FTO film thickness was determined by cross-sectional scanning electron microscopy (SEM). The film’s resistivity, mobility, and carrier concentration were evaluated by Hall Effect measurements at room temperature with Van der Pauw [5] four-point probe configuration using indium contacts, in a Hall Effect system.    
 

Fig. 1: Schematic diagram of the set up improvised from SPEED and spray pyrolysis set up 

3. Results and Discussion 
 

3.1.Structural Properties 
 Fig.2 shows the X-ray diffraction (XRD) pattern as a function of SND in FTO thin films. It can be seen that all the films are polycrystalline and contain the SnO2 tetragonal structure. All the films exhibit the preferred orientation with 110, 101, 200, and 211 planes while all targets are polycrystalline with the highest intensity reflection corresponding to the (211) peak. This finding is in line with [13]. It is seen that crystallinity increases with SND. A similar observation has been observed by [28]. Relatively low-intensity peak from the plane is observed for the film at 25cm SND. The grain size of the deposited films was calculated by the Scherer formula (see equation 1) [29]. XRD peak was found to be between 24-30 nm. For all films, the ‘a’ lattice parameter values are larger than that of the SnO2 powder (a=4.738 Å), and (c=3.187 Å). Although the volume of the unit cell for all the films grown in this work is observed to be larger than that of the SnO2 powder.  	 = �.
�� ��� �         (1)    “Where λ = 1.541, θ is the Bragg angle (half the measured diffraction angle) and β denotes the full width at half maximum (FWHM) of the corresponding diffraction peak” [29].  Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 December 2017                   doi:10.20944/preprints201712.0043.v1
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 4   
 

Fig. 2: XRD patterns of FTO films deposited at different SNDs  

(a) 25cm (b) 27cm (c) 30cm (d) 32cm Fig. 3 shows the typical SEM and AFM analysis of FTO films at 27 and 32 cm NSD. Here, the distance between the spray nozzle and the substrate was varied from 25-32 cm, a step of 2. “Although the effect is rather dependent on the other deposition parameters, the surface morphology of the films produced at different distances has shown to be not critical” [10]. However, it is important to identify the distance at which deposition ends up with the formation of a film. “The substrate is completely covered by an almost dense layer of the film when it is close to the spray nozzle. At a further distance, particles are dispersed on the surface while they gradually lose their connectivity and tend to form a powder and moreover, at longer distance, only a small portion of droplets can reach the surface of the substrate and therefore the spray efficiency is considered to be low.  When the distance between nozzle and substrate changes, the thermal gradient in the vapor space changes, hence the thermophoretic force acting on the liquid droplet also changed. The expression for thermophoretic force (Fth) is given by (Heavens, 1879), equation (2). F���=��πŋ���������ρ�λ�   with	(r� >> 1)    (2) Where rd is radius of the droplet, Td is the temperature of the droplet, ŋ� is thermal conductivity of droplet, ρ� is the coefficient of viscosity, l is the mean free path of air molecules.   Since the radius of the droplet rd is much larger than the mean free path of air molecules, then, grad	T�=�λ�	�������λ�&λ� ,         (3)  where Ta is the temperature of an air molecule,λ� is the thermal conductivity of droplet. Under a normal spray pyrolysis process, the spray substance vaporizes wholly as it approaches the substrate [10]. Under this circumstance, the factor gradT� from equation (3) becomes an important parameter. So the droplets will acquire a sufficiently high thermal energy which depends significantly on SND. Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 December 2017                   doi:10.20944/preprints201712.0043.v1
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 5  The above phenomenon will give rise to the droplets which are preheated by heat radiation in the air molecules, thus leading to enhancement of the “pyrolytic reaction”. At SND of 27 and 30 cm, high-quality FTO films were observed; this is attributed to the influence of “heterogeneous reaction” which occurred as a result of proportionate distance from nozzle to the substrate as well as adequate preheating of the droplets in the air. At 32 cm, the water molecules vapourize quickly along the path due to high thermal energy. This situation will give rise to the achievement of pyrolytic decomposition and reaction in a middle way. In another word, “the chemical reaction will be completed in the vapor phase due to inappropriate melting and vaporization of particles; this is the type of reaction is known as a homogeneous reaction because all the reactant molecules and product molecules are in the vapor phase” [10].    
 

Fig. 3: SEM and AFM micrographs of the FTO films as a function of SND FTO films with poor quality were observed at SND of 25cm or less. The films were characterized by cracked and mud-like morphology. The poor FTO films noticed at these NSD depicts the solvent droplets poor chemical interaction along the path of their journey to the substrate’s surface. The implication of this is that the droplets reaching the substrate would get exploded leaving behind a bunch of damaged film. This circumstance is aggravated by untimely cooling of the aqueous droplets.  Summarily, at the end of the study of structural properties of FTO thin films samples at different NSD, the best samples of FTO thin films were observed at NSD of 27 and 30cm. The findings in this work are relatively similar to those of [12, 10].  
3.2.Optical Properties 

 Fig. 4 shows the optical transmittance curve of FTO films deposited as a function of wavelength. The quality of the FTO films was examined by measuring their transmittance in the visible range at 400-600 nm [18]. It is seen that transmittance varies with substrate-to-nozzle distance (SND), but the effect is not much significant. The average optical transmittance of FTO film at SND of 27 and 30 cm is more than 80% while the transmittance of SND outside this range has less than 80% transmittance.  Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 December 2017                   doi:10.20944/preprints201712.0043.v1
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 6  Optical band gap was analyzed from optical data with the expression for optical absorption coefficient ‘a’ and photon energy ‘hυ’ using the relation (3). The optical band gap plot for FTO sample at 25 and 27cm is shown in fig.5. It shows the typical plot of (ahυ)2 vs. ‘hυ’. Extrapolation of the linear portion of the plots to energy axis yielded an average direct band gap value of 3.5eV.  'ℎ) = *+ℎ) − -./�/1        (3)  
Fig. 4: Transmittance curve at different SND  

Fig.5:  Optical band gap for FTO thin film with SND of 27cm and 30cm 
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 7  3.3.Electrical Properties Fig. 6 shows the electrical properties of Nozzle to Surface Distance (NSD) of the FTO films prepared with varying SND. The resistance (ρ), carrier concentration (n), and mobility (µ) are displayed. The SND is an important parameter in controlling the films properties since it is associated with the amount of energy that is given to the droplet to travel towards the substrate. From fig. 6, the resistivity is found to decrease with increasing NSD with the minimum at 30 cm.   
 

Fig. 6: Electrical properties of FTO thin films  The decrease in resistivity at higher NSD is a consequence of an increase in electrons mobility. Furthermore, XRD study shown above presents an increase in crystallinity while SEM shows well-distributed grain size at 27 and 30cm NSD. This observation is good and explicit enough to establish that uniform and grain size distribution are considerable factors when low resistivity films are required. A uniform grain size could reduce different kinds of electron scattering mechanisms or minimize the grain boundary scattering losses or defects in the films.  There are many other factors that could lead to scattering of electrons in the films interface. Therefore, the relatively uniform and smooth particle size observed for FTO films at 27 and 30 cm NSD in this work has demonstrated that optimization of NSD is a means of reducing scattering mechanism. In other words, the scattering mechanisms could be reduced by optimizing NSD as well as appropriate deposition technique. It is intended to study scattering mechanisms in-depth in our next research so as to first, find out how NSD could reduce scattering mechanism in FTO films. Second, to study the nature of scattering mechanisms in FTO samples when SPEED technique is employed. [10] have carried out a study on electrical transport on antimony-doped tin oxide thin films (ATO) using spray pyrolysis technique. The primary objective of the study was not to find out the scattering mechanisms limiting the mobility of electron in the films though but the study mentioned possible scattering mechanisms types that may be responsible for limiting FTO films grown under different conditions. Therefore, understanding scattering mechanisms in films could afford a researcher an opportunity of reducing it to improve in the films optical and electrical properties which are a major requirement for dye-sensitized solar cells photoanode. Carrier concentration and mobility increase up to 30cm and decrease with further NSD. At lower NSD, the number of electron traps states decreases and hence the carrier concentration increases. Furthermore, the resistivity increase after 30cm is due to evaporation of solution and slight generation of powdery films [30].  Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 December 2017                   doi:10.20944/preprints201712.0043.v1
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 8   The Hall mobility and carrier concentration of films follow a similar trend which is opposite to that of resistivity. The value of figure of merit (4.98× 10�����) obtained suggests that the FTO samples fabricated in this work are good candidates for solar cells application [1]. One of the methods of measuring the device performance is through the average figure of merit [1]. Hence, the average figures of merit (2)	of the FTO samples was calculated from equation (4).  φ = �45678                       (4)  Where T is the transmittance and9�: is the sheet resistance. The sheet resistance, (9�:) is a main factor for figure of merit, which is calculated by the van der Pauw technique. The average figure of merit of FTO samples at all NSDs was found to be 4.98× 10�����. This value depicts high crystallinity and relatively low resistivity which is a requirement for solar cell high performance. This value, when compared with our previous research [1] is a significant improvement 0.023 Ω�� .Therfore, the FTO samples grown at 27 and 30 cm NSD are promising candidates for application in dye-sensitized solar cells. Therefore, another research in progress to further improve on the FTO’s figure of merit by employing graphene to enhance its electrical properties.  
4. Conclusion  The effect of NSD on the structural, optical, and electrical properties of the FTO films has been grown successfully by homemade spray pyrolysis. As-deposited films were uniform and strongly adherent to the substrate. The properties of the FTO films have been investigated as a function of NSD. The structural, optical and electrical properties of FTO thin films vary with NSD. All films are crystalline with a tetragonal crystal structure. The optical transmittance of the FTO film at SND of 27 and 30 cm have optical transmittance above 80% while the rest have less than 80% transmittance. The optical band gap analysis shows an average of 3.5 eV for NSD of 27 and 30cm. With these properties, the deposited FTO films are very useful in optoelectronic devices. The films electrical properties such as resistivity, electron mobility, electron concentration all vary with NSD. The average figure of merit of FTO samples calculated in this work is 4.98× 10�����. It is therefore an improvement when compared with the value of 0.023 Ω��obtained in our previous research. The FTO films grown in this study could be a promising ingredient in the fabrication of dyes-sensitized solar cells.  
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