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The relationship between processing and structural, optical, electrical properties of spray pyrolysed SnO2 thin films prepared for different deposition times
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SnO2 thin films were deposited on glass substrates at 350° C by spray pyrolysis technique for different deposition times (i.e. 4, 7, 10 and 13 min) from tin chloride (SnCl2, 2H2O). The X-ray diffraction analysis showed that all the synthesized films correspond to the tetragonal structure of SnO2. Depending on the deposition time, the estimated average crystallite size varied from 29 to 55 nm using Williamson-Hall analysis (36 to 65 nm using the Scherrer method). Atomic force microscopy analysis revealed homogenous surfaces with low values of roughness (9.9 to 27.7 nm). As measured by spectroscopic ellipsometry, the thickness of the films was ranging from 150 to 350 nm. The obtained SnO2 films displayed an average transmittance of 80 % and a direct optical band gap ranging from 3.98 to 4.09 eV. The Hall-effect measurements revealed that all the films are conductive with values of conductivity varying from 32.3 up to 127 Ω - 1 .cm -1 . From the obtained morphological, optical and electrical results, we conclude that spray pyrolysed tin oxide thin films are good candidates to be used in different fields, mainly in solar cell applications.

Introduction

Transparent conductive oxides (TCO) are well known for their applications in various fields, such as optoelectronic devices, especially in photovoltaic applications as transparent electrodes or antireflection films in solar cells, gas discharge display, flat screens, antifreeze windows, heat reflecting windows (buildings, ovens, ...), mirrors and electro-chromic windows, touch control screens and for electromagnetic protection The physico-chemical properties of these thin films are closely related to the processes and conditions of their growth. Indeed, it is possible to obtain films with an amorphous or crystalline structure according to the parameters used for their growth.

In the recently years, some researchers have examined the physical properties of SnO2 thin films prepared by spray pyrolysis technique. This researchers have studied the effect of solution flow, solution concentration, temperature and PH values on the properties of undoped SnO2 thin films [START_REF] Khelifi | Effect of solution flow on the properties of tin dioxide SnO2 thin films deposited by spray pyrolysis technique[END_REF][START_REF] Abdelkrim | Effect of solution concentration on the structural, optical and electrical properties of SnO2 thin films prepared by spray pyrolysis[END_REF][START_REF] Orimi | Optical characterization of SnO2 nanostructure thin films, annealed at different temperatures[END_REF][START_REF] Sukriti | Effect of pH values on the structural, optical and electrical Properties of SnO2 nanostructures[END_REF].

Khelifi et al. [START_REF] Khelifi | Effect of solution flow on the properties of tin dioxide SnO2 thin films deposited by spray pyrolysis technique[END_REF] obtained SnO2 nanocrystalline film for different flow rate. Abdelkrim et al. [START_REF] Abdelkrim | Effect of solution concentration on the structural, optical and electrical properties of SnO2 thin films prepared by spray pyrolysis[END_REF] also reported significantly reduced nanoparticules with increasing of solution concentration. Lotfi Orimi and Maghouli [START_REF] Orimi | Optical characterization of SnO2 nanostructure thin films, annealed at different temperatures[END_REF] prepared SnO2 thin films at 450 °C and then annealed at different temperatures, Sukriti and Chand [START_REF] Sukriti | Effect of pH values on the structural, optical and electrical Properties of SnO2 nanostructures[END_REF] have synthesized SnO2 nanostructures via precipitation method at different pH values.

Md sin et al. [START_REF] Md Sin | Effect of deposition time SnO2 thin film deposited using thermal CVD for humidity sensor application[END_REF] reported effect of deposition time on SnO2 thin film deposited using thermal CVD, Arini et al. [START_REF] Arini | The influence of deposition time and substrate temperature During the spray pyrolysis process on the resistivity and optical transmittance of 2 W% fluorine-doped tin oxide conducting glass[END_REF] reported the influence of deposition time during the spray pyrolysis process on the electrical resistivity and optical transmittance of 2 wt% Fluorine-doped tin oxide conducting glass.

To the best of our knowledge, the influence of deposition time on the properties of undoped SnO2 thin films using spray pyrolysis technique was not yet reported in the literature, the relationship between the film growth process and physico-chemical properties including surface morphology, optical and electrical properties is shown in this work.

The films are developed by spray pyrolysis technique which is widely used due to its simplicity and commercial visibility [16].

Experimental techniques

Spray pyrolysis-technique is used to prepare SnO2 thin films from tin chlorite (SnCl2, 2H2O).

2.63 g of this precursor is dissolved in 100 ml of distilled water and methanol using a few droplets of HCl to obtain a soluble solution of 0.1 mol.L -1 . Glass substrates are cleaned using ethanol, acetone and distilled water. Next, the SnO2 solution is sprayed onto the glass substrates at temperature of 350 ° C, and for different deposition time (i.e. 4, 7, 10 and 13 min).

The structural characterization is carried out at room temperature using a Bruker D2 PHASER X-Ray Diffractometer (XRD -CuKα radiation, λ = 1.5406 Å).

The surface morphology is analyzed by Atomic Force Microscopy (AFM) using a commercial microscope (Bruker, MultiMode) in ambient conditions.

The thickness of the films is investigated by Spectroscopic Ellipsometry (SE) at room temperature using a phase-modulated ellipsometer (UVISEL HR460 from Horiba Scientific) at wavelengths ranging from 300 to 1200 nm with 2 nm interval. An incidence angle of 70° is used for all measurements.

The optical transmittance is recorded from 200 nm to 2500 nm using UV-Vis-NIR JASCO type V-570 double beam spectrophotometer.

Finally, the electrical properties are obtained using ECOPIA HMS-5000 4 Hall Effect measurement at room temperature.

Results and discussion

Structural characterization

To investigate the crystalline quality of the films with various deposition times (4, 7, 10 and 13 min), XRD analysis was undertaken and measured patterns are shown in Fig. 1. All the peaks are indexed using ICDD card No. 041-1445 corresponding to the tetragonal phase of tin oxide SnO2. For all samples, the (1 1 0) peak is the most intense, while other peaks assigned as (2 0 0), (2 1 1) are also observed. The peaks (1 0 1), (2 2 0) and (3 0 1) appear at 10 and 13 min and the (3 1 0) peak appears only at 10 min.

The lattice constants a and c for tetragonal structure, are determined by the equation [START_REF] Chacko | Nanostructural and surface morphological evolution of chemically sprayed SnO2 thin films[END_REF]:
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where, 'dhkl' is the interplanar distance and h, k, l, are Miller indices.

The calculated and standard lattice constants are listed in The crystallite size of the films is calculated from the more intense peak (1 1 0) using the Scherrer formula [19]:

   cos .9 0 = G (2)
where, G is the crystallite size, β is the full width at half of the peak maximum (FWHM) in radians and 'θ' is the Bragg's angle. The crystallite size values are given in Table 1.

The calculated G value increases from 36 to 65 nm along with the increase of deposition time from 4 to 10 min and then slightly decreases from 65 to 54 nm for 13 min. We note that these values of G are higher than the ones found in the literature for films grown by the same technique; this would mean that the dislocation density is lower in our films [START_REF] Abdelkrim | Effect of solution concentration on the structural, optical and electrical properties of SnO2 thin films prepared by spray pyrolysis[END_REF][START_REF] Turgut | Synthesis and characterization of Mo doped SnO2 thin films with spray pyrolysis[END_REF][START_REF] Rahal | Effect of antimony doping on the structural, optical and electrical properties of SnO2 thin films prepared by spray ultrasonic[END_REF].

Md sin et al. [START_REF] Md Sin | Effect of deposition time SnO2 thin film deposited using thermal CVD for humidity sensor application[END_REF] obtained a relatively small crystallite size about 20 to 45 nm.

In addition a decrease in grain size up to 7 nm was observed following the increase of solution concentration, solution flow and PH values [START_REF] Khelifi | Effect of solution flow on the properties of tin dioxide SnO2 thin films deposited by spray pyrolysis technique[END_REF][START_REF] Abdelkrim | Effect of solution concentration on the structural, optical and electrical properties of SnO2 thin films prepared by spray pyrolysis[END_REF][START_REF] Sukriti | Effect of pH values on the structural, optical and electrical Properties of SnO2 nanostructures[END_REF].

The crystallite sizes were also determined using the Williamson-Hall method, by taking into account all of the peaks; the Williamson-Hall analysis also makes it possible to determine the

microstrain ε [21].
It can be written as:

     sin cos 4 + = G (3)
βcos(θ) is plotted with respect to sinθ for all films, where ε and G are calculated from the slope and y-intercept of the fitted line respectively as shown in Fig. 2.

The values of crystallite size determined by the Williamson-Hall method are close to the values obtained by the Scherrer formula as shown in Table 1.

We also observe a low microstrain (ε) for all the films grown at different deposition time, mainly at 10 minutes where ε is negligible (4.86×10 -6 ).

The orientation of the crystallites and the preferred directions of growth can also be deduced from the XRD patterns. It is quantified through the coefficient of texture of the (hkl) plane for all the peaks, the texture coefficient is given by [22]:
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where I(hkl) is the measured intensity of X-ray reflection, I0 is the ICDD standard intensity and N is the number of reflections observed in the XRD pattern.

The calculated Tc values are presented in Table 2. The variation of the texture coefficient with deposition time for each peak has been depicted. In this study, Tc values of (2 0 0), (2 2 0) and

(3 1 0) peaks are relatively higher than those of other planes, which shows that there is no preferential orientation.

Surface morphology properties

Fig. 3 shows the AFM morphology of deposited SnO2 films at various deposition times. It can be seen that the films deposited during 4 and 7 min present a dense granular-like structure without cracks (Figs. 3a andb), whose grain diameter is ranging from 30 to 100 nm and 50 to 140 nm, respectively. The crystallinity of the films improves and the grain size becomes larger with the increasing of deposition time, suggesting that the particles in SnO2 films become smaller at low deposition time (4 and 7 min). At 10 min we observed a clear change in grain shape since pyramidal features are detected, as depicted in Fig. 3c (3D AFM image is presented in Fig. 3e to better evidence such pyramidal structure). In addition, the size of these surface morphological structures becomes very important, the average length being about 250 to 400 nm. Then, by increasing the time deposition until 13 min, a slight degradation for the surface morphology is observed, indeed the coexistence of both granular and pyramidal morphological structures is evidenced (see Fig. 3d). For this later sample, the average sizes of granular and pyramidal structures are about 50 nm and ranging from 200 up to 300 nm, respectively. Such a change in the grain shape was already found in previous works [11, [START_REF] Ajili | Spray solution flow rate effect on growth, optoelectronic characteristics and photoluminescence of SnO2: F thin films for photovoltaic application[END_REF][START_REF] Uysal | Structural and optical properties of SnO2 nano films by spincoating method[END_REF].

The evolution of the grain size measured by AFM as function of the deposition time follows exactly the same trend as the crystallite size determined by DRX (Scherrer formula and Williamson-Hall method) with a maximum size at t = 10 min as shown in Fig. 2.

The AFM root mean square roughness were found to be 9.9, 13.0, 27.7 and 22.1 nm, as determined on 10×10 µm² scan area for 4, 7, 10 and 13 min deposition time, respectively. These roughness values increase with the increase of the particle size, but they remain quite low for such deposited films, confirming their surface homogeneity. AFM topographies of SnO2 found by Abdelkrim et al and Tischner et al [START_REF] Abdelkrim | Effect of solution concentration on the structural, optical and electrical properties of SnO2 thin films prepared by spray pyrolysis[END_REF][START_REF] Tischner | Ultrathin SnO2 gas sensors fabricated by spray pyrolysis for the detection of humidity and carbon monoxide[END_REF] showd that the films present a uniform morphology but with small grain.

Optical properties

SE was used for the optical characterization of the thin films and mostly for the measurement of their thickness. These ellipsometric angles ∆ and Ψ are linked to the complex reflection coefficients R of polarized light (Rp and Rs for respectively a polarization parallel and perpendicular to the plane of incidence) by the following relation
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. For each sample, the measured spectrum is analyzed using a model depending on the sample structure.

The unknown parameters (the thicknesses in our case) were determined by finding the global minimum of a merit function  2 (Levenberg-Marquardt algorithm) which compare the ellipsometric angles calculated by the model with the angles obtained in the measurements :
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where n is the number of measured  and  pairs, exp ,i   and exp ,i   are the standard deviations of exp,i and exp,i. All fitting steps were performed using the Delta-Psi Horiba software (Horiba Scientific).

The optical functions of the substrate (glass slide) and the thin films of SnO2 were found in the database of the Delta-Psi Horiba software (Horiba Scientific).

The values of the coefficients for SnO2 comparing with literature [26] are showed in Table 3.

An exemple for the best fit of the optical proposed model comparing with the measured ellipsometric data of SnO2 deposited during 10 min is represented in Fig. 4, these optical functions were inserted in a three model layers for the modelling of ellipsometric spectra obtained on all samples: a semi-infinite glass layer substrate covered by a dense layer of SnO2, and a rough layer which can be represented as a SnO2 dense layer with holes filled by air; we used the Bruggeman [27] effective medium approximation for modeling this last layer.

The values of thicknesses were obtained after the modelling step and the results are presented in the Table 4. We can notice the monotonic increase of the film thickness with the deposition time.

Optical transmittance and reflectance spectra of SnO2 thin films are presented in Fig. 5. The average transmittance increases slightly with the increasing of deposition time and reaches around 80% in the visible region, many researchers who have developed SnO2 in the same conditions as our work, were found the same transmittance value [10-12]. The interference fringes which appear clearly in reflectance curves tighten for the film deposited during 13 minutes, this phenomenon can be explained by the increase in the thickness.

The optical band gap energy is obtained by the following relation [28]:

) ( ) ( g n E h A ah - =   (6)
where, hν is the photon energy and A, a constant, n = 2 for a direct allowed transition and n = 1/2 for an indirect allowed transition.

Eg values of band gap are determined by plotting (αhν) ² versus (hν) by intercept of the linear part of the plot with energy axis (Fig. 6).

The values of optical band gap of SnO2 thin films are varying from 3.98 to 4.09 eV. We can observe that the band gaps increase between 4 and 10 min and then decrease at greater deposition time, the measured optical band gap values was found by khelifi et al. 
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where, α0 is the pre-exponential factor, hν the photon energy, and Eu is the band tail width or energy of disorder commonly called Urbach tail [29].

Eu can be estimated from the inverse slope of the linear plot between ln (α) and hν. The variation of band gap with Urbach tail is shown in Fig. 7.

The refractive index (n) reaches a maximum of 2.2 in the UV range than tends to 02 in the near infrared range and the refractive index (k) is correlated with α which is shown in Fig. 8.

It can also be noted that the reflectance is inversely proportional to the roughness which is shown in Fig. 9.

Table 4 summarizes the variation of band gap energy, crystallite size, roughness, thickness and Urbach tail for different deposition time. As can be concluded from XRD and AFM studies the crystallite size increases with increasing deposition time from 4 to 10 min. These results explain the low increase of the roughness with increase of deposition time which demonstrates the best quality of films obtained for 10 min despite the presence of roughness. However, the disorder is inversely proportional to the optical band gap, which explains the decrease of disorder as a function of deposition time.

Electrical properties

The electrical properties of thin films are dependent on various growth parameters such as composition, thickness, and substrate temperature [START_REF] Amroun | Investigation on the structural, optical and electrical properties of mixed SnS2-CDS thin films[END_REF].

The electrical properties of SnO2 films were investigated by Hall Effect measurements. The carrier concentrations, Hall coefficient, conductivity and sheet resistance of the films are given in Table 5. According to the obtained results, all samples have n-type conduction. The conductivity increases with the increase of deposition time from 32.3 Ω -1 .cm -1 at 4 min up to 127 Ω -1 .cm -1 at 10 min owing the surface condition, for a same condition at 0. In order to evaluate the efficiency of SnO2 thin films as transparent conducting oxides, we use the pareto front.

Conclusion

The aim of this work was to show that we can obtained a good properties of undoped SnO2 thin films in term of conductivity, transmittance, surface morphology and structural properties.

In the present study we tried to vary the deposition time to show the importance of processing and its influence on the physico-chemical properties of SnO2 thin films. The thin films (in the range 150-350 nm of thickness) were successfully deposited on glass substrate at 350 °C by spray pyrolysis technique. XRD study indicated that the films correspond to tin oxide with a tetragonal symmetry. The optical study showed high transmission and large optical band gap between 3.98 and 4.09 eV. From electrical measurements it was found that the films have ntype conduction. The films properties improve with the increase of the deposition time and thickness with a low degradation after 10 min. From these results, it can be concluded that the structural, morphological, optical and electrical properties strongly depend on the elaboration process of the deposited films and make them suitable candidates for optoelectronic devices and particularly in solar cells field. 
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Fig. 3 .Fig. 4 .Fig. 5 .Fig. 6 .Fig. 7 .Fig. 8 .Fig. 9 .

 3456789 Fig. 3. AFM topographic images of SnO2 films for deposition time of a) 4 min, b) 7 min, c) 10 min and d) 13 min. The scan area is 2 × 2 µm² for all the images. e) 3D representation of the surface morphology presented in c)
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 10 Fig. 10. A pareto front of SnO2 thin films prepared in this work and literature

  

  

Table 1 .

 1 The calculated a and c values

	are close to those given in ICDD card no: 41-1445 (a = b = 4.7382 Å, c = 3.1871 Å) and those
	from the literature, mainly when growth time is 10 min

[11, 18].

  

Table 1 .

 1 Values of lattice parameters of tetragonal SnO2, crystallite size G and microstrain ε

	t (min) a (Å)	c (Å)	Scherrer method		Williamson-Hall method (WH)
				(2Ɵ)	β	G	G (nm)	ε
				(°) FWHM (°) (nm)
	04	4.7107 3.2068 26.71	0.24	36	29	-1.02.10 -3
	07	4.7121 3.2008 26.71	0.19	47	42	+1.93.10 -4
	10	4.7426 3.1839 26.62	0.13	65	55	+4.86.10 -6
	13	4.7381 3.1792 26.67	0.16	54	46	-2.2810 -4

Table 3 .

 3 Coefficients of the optical function of SnO2

	The optical coefficient of	Values	Ref
	SnO2		values [27]
	n	1.776	1.923
		3.156	3.70
	s	3.995	3.738
	t	4.786 eV	3.386 eV
	0	1.236 eV	0.5064 eV

Table 4 .

 4 Structural, morphology and optical properties data of SnO2 films for various deposition times

	Deposition	Thickness	Eg	Roughness	Urbach tail	Grain size
	time	(nm)	(eV)	(nm)	(eV)	(nm)
	(mn)					
	04	150	3.98	9.9	0.2894	29-36
	07	241	4.00	13	0.2853	42-47
	10	264	4.09	27.7	0.2453	55-65
	13	350	4.05	21.1	0.2693	46-54

Table 5 .

 5 Electrical properties of SnO2 thin films prepared by spray pyrolysis

	Deposition	Conductivity	Carrier Concentrations	Hall Coefficient	Sheet resistance
	time	(Ω -1 .cm -1 )	(cm -3 )	(cm 3 .C -1 )	Rsh(Ω.sq -1 )
	04 min	3.23 10 +1	-1.29 10 +20	-4.80 10 -2	2.05 10 +3
	07 min	5.87 10 +1	-1.69 10 +20	-3.67 10 -2	1.13 10 +3
	10 min	1.27 10 +2	-2.63 10 +20	-2.36 10 -2	4.50 10 +2
	13 min	7.30 10 +1	-1.21 10 +20	-5.12 10 -2	6.84 10 +2

Table 6 .

 6 Transmittance and sheet resistance of SnO2 thin films for our work and literature

			Our work					Refs		
		04	07	10	13	[11]	[19]	[20]	[34]	[35]	[36]	[37]
		min	min	min	min						
	T (%)	67.06 68.98 82.01 76.71 62.49	74.28	47.76	65	52	75.12	97
	400-900										
	(nm)										
	Rsh	2500	1130	450	684	401.8 109.81	138 1320 51.26 443.8 509
	(ohms/sq)										
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