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Abstract. Undoped and antimony doped tin oxide thin films (SnO2 :Sb) have been deposited 
by the spray pyrolysis method on glass substrates heated at 350°C, with various doping 
concentrations 0 (undoped), 1 at.%, 3 at.%, and 5 at.%. The influence of annealing 
temperature and various Sb doping rates on the structural, morphological and optical 
properties have been investigated, using grazing incidence X-ray diffraction (GIXRD), 
profilometry, atomic force microscopy (AFM), UV-Visible spectrophotometry and 
photoluminescence measurements (PL). GIXRD diagrams show that the films deposited at 
various Sb concentrations are polycrystalline with a tetragonal rutile type structure and 
preferred orientation direction along [110]. It has been also noted that the grain size changes 
between 11 nm and 25 nm. Atomic force microscopy (AFM) visualization revealed that 
surface morphology was found to be influenced by the incorporation of Sb and average 
roughness was varied between 4.580 nm and 10.793 nm. The optical characterization shows 
that the maximum value of transmittance of 82 % was found for SnO2: 1 at.% Sb thin films 
were annealed at 400°C for 4 hours and the optical band gap values range from 3.668 eV to 
4.224 eV of SnO2 films. Room-temperature photoluminescence measurements under 
excitation at 325 nm show broad emission peak, Photoluminescence (PL) properties 
influenced by antimony doping for the SnO2 films are investigated. 
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1. Introduction 
Transparent conducting oxides (TCO) like In2O3, SnO2, ZnO, In2O3: Sn … etc have been the 
subject of research over a number of years due to their promising properties. Tin oxide SnO2 
is a n-type semiconductor with a wide bandgap 𝐸𝐸𝑔𝑔 = 3.6 eV at 300K [1], and electrical 
resistivity varying from 10 to 106 Ωcm, depending on the temperature and the stoichiometry 
of the oxide [2]. In the thin films form, SnO2 is a transparent material, characterized by high 
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optical transmission in the visible range ~90, these properties make it very attractive for 
several applications, like solar cells, optoelectronic devices, thin-film resistors, antireflection 
coatings, photochemical devices, electrically conductive glass. SnO2 material is usually used 
in the field of monitoring air pollution and toxic gas detection [3]. Doped and undoped SnO2 
thin films have been prepared by various techniques such as sol-gel [4-6], reactive radio 
frequency sputtering (RF) [7], direct current (DC) magnetron sputtering [8], electron beam 
evaporation [9] and spray pyrolysis [10-12].  

In the present study, SnO2 thin films are deposited by employing a spray pyrolysis 
technique. We are principally interested in this chemical technique for its advantages like ease 
of adding dopant material, reproducibility, high growth rate, and mass production capability 
for uniform large area coatings, which are desirable for industrial, solar cell, and gas sensors 
applications. We have made an attempt to synthesize pure and Sb doped SnO2 thin films on 
glass substrates by the chemical spray pyrolysis technique and the influence of annealing 
temperature and antimony dopant concentration on the structural, morphological and optical 
properties of the prepared films is reported. 

 
2. Experimental methods  
Thin films preparation. The substrates of dimensions 7.6 cm × 2.6 cm × 0.1 cm were 
carefully initially cleaned chemically, by keeping in distilled water, acetone and ethanol 
individually each for 5 min. These substrates were further treated ultrasonically with pure 
water for 9 min to remove surface contamination and dried at room temperature. The 
substrates were preheated to the required temperature, prior to deposition. 

Undoped and antimony doped tin oxide thin films were deposited on glass substrates by 
using a spray pyrolysis system HOLMARC Model HO-TH-04. The chemical reagents used 
were stannous (II) chloride dihydrate (SnCl2.2H2O, 97%, BIOCHEM Chemopharma, Quebec 
Canada) and antimony trichloride (SbCl3, 99%, BIOCHEM Chemopharma, France) as host 
and dopant precursors. Initially, 0.1M of SnCl2.2H2O and SbCl3 solutions were made 
separately by dissolving in appropriate amounts of deionized water and methanol CH3OH 
volume proportion: 13 ml: 13 ml with adding a few drops of hydrochloric acid HCl to obtain a 
standardized and transparent working solution. Then the solution was prepared by mixing the 
existing solutions in appropriate volume ratios, to obtain the targeted concentrations 0 at.%,  
1 at.%, 3 at.% and 5 at.% of Sb doped SnO2 thin films. The solution was stirred continuously at 
room temperature for 15 min until it became transparent and homogeneous. After that, the 
resulting solution was sprayed on the glass substrate at an optimized substrate temperature of 
350°C with an accuracy of ± 1°C for 10 min with a compressed air pressure of 2 bars. The 
normalized distance between the spray nozzle and the substrates, the flow rate, and the total 
quantity of spray solution were 12 cm, 200 μl/min, and 30 ml respectively. During the 
spraying, the nozzle moved with longitudinal and transverse speeds 𝑣𝑣𝑥𝑥 = 400mm/s and  
𝑣𝑣𝑦𝑦 = 8 mm/s respectively. The substrate's temperature was maintained using a digital 
temperature controller. After deposition, the films were annealed in a programmable tubular 
oven under air and with a heating rate of 10°C/ min at temperatures 400°C, 450°C, 500°C, 
and 550°C for 4h. 

Thin films characterization. A set of complementary investigation methods has been 
used to characterize the thin films prepared. The structural analysis has been carried out by Inel 
EQUINOX 3000 diffractometer using grazing incidence X-ray diffraction (GIXRD) with  
Cu-Kα radiation, 𝜆𝜆 = 1.54056Å at room temperature in the scan range of 2𝜃𝜃 between 20° and 
90°, continuously with the step width of 0.03° and a fixed incidence angle of 5°. The thickness 
of all the films was estimated by BRUKER Dektak XT profilometer with standard scan type. 
The morphology of the films was examined by atomic force microscope (AFM) Nano surf 
C3000 in tapping mode at room temperature. The optical properties of the deposited films are 
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measured in the wavelength region of 190-1100 nm of the spectrum at room temperature using 
spectrophotometer SPECORD 210 Plus UV/VIS/IR. Also, we made a complementary 
investigation using the room temperature photoluminescence (PL), the films were analyzed by 
spectrometer HORIBA iHR-550 equipped with CCD detector (400–1000 nm) and the InGaAs 
detector (800–1600 nm). The He-Cd laser of wavelength 325 nm (UV) or equivalently at 
energy 3.815 eV and power of 30mW was used as the excitation source. 

 
3. Results and discussion  
Structural properties. The GIXRD patterns obtained for undoped and doped SnO2: Sb thin 
films at doping rates 0 (undoped) and 5 at.% before and after annealing at temperatures 
400°C, 450°C, 500°C, and 550°C, are shown in Figs. 1 and 2 respectively. 

GIXRD diffractograms recorded on pure SnO2 thin films with different annealing 
temperatures deposited at a substrate temperature of 350°C using 0.1 M stanic chloride are 
shown in Fig. 1. All the peaks in the pattern correspond to tetragonal rutile structure of SnO2 
and are indexed on the basis of ICCD file N° 00-41-1445. It is quite clear from the GIXRD 
diagrams that all the films are polycrystalline and highly oriented along (110) plane, this result 
corresponds to those reported by several works [13,14]. Presence of other plane orientations 
such as (101), (200), (211), (220), (310) and (301) have also been detected [15,16]. Although 
the intensities of all peaks increase with increasing annealing temperatures, this is related to the 
increase in the rate of SnO2 crystallites, this result is in perfect agreement with the work of 
S. Laghrib et al. [17]. 

 

 
Fig. 1. GIXRD patterns of undoped SnO2 thin films before and after annealing at different 

temperatures 
 
The GIXRD patterns of as-deposited and annealed Sb-doped SnO2 thin films are shown 

in Fig. 2 for 5 at.% of Sb doping rate. It can be seen, that the produced films are 
polycrystalline and all the diffractograms contain the characteristic SnO2 peaks only. No 
phase corresponding to antimony, antimony oxides, or any other antimony compound was 
detected in the GIXRD patterns, which indicates that O atoms were replaced by Sb atoms in 
the SnO2: Sb thin films. The (110) peak is the strongest peak observed for all the films. The 
addition of dopants does not affect the preferred [110] orientational growth of the films, the 
same result was observed by Junji S. et al. [18]. 
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Fig. 2. GIXRD patterns of SnO2: 5 at.% Sb thin films before and after annealing at different 

temperatures 
 

Table 1 shows the GIXRD parameters: mean grain size 𝐷𝐷 (nm), the preferred 
orientation plane  𝐹𝐹ℎ𝑘𝑘0(%), lattice parameters 𝑎𝑎 and 𝑐𝑐 (Å), and crystalline structure, of 
undoped and antimony doped SnO2 thin films with various concentrations of 0 (undoped), 
1 at.%, 3 at.%, and 5 at.% for different annealing temperatures. 

The lattice parameters a and c of the identified structure were calculated by Eq. (1), 
where (hkl) is the lattice plane: 
1

𝑑𝑑ℎ𝑘𝑘𝑘𝑘
2 =  ℎ

2+𝑘𝑘2

𝑎𝑎2
+  𝑙𝑙

2

𝑐𝑐2
.                                                                         (1)                                        

The lattice parameters values presented in Table 1 are in good agreement with those 
given in ICDD card N° 00-41-1445. The mean grain size 𝐷𝐷 of thin films was also calculated, 
using the Scherrer formula based on GIXRD patterns [19,20]: 
𝐷𝐷 = 𝐾𝐾 𝜆𝜆

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽
.                                                                          (2) 

In which 𝐾𝐾 = 0. 9, 𝜆𝜆 = 1.54056 Å is the wavelength of the incident radiation, 𝜃𝜃 is the 
Bragg angle and β is the full width at half maximum (FWHM) of the diffraction peak. β was 
calculated by the Warren relation [21]: 
𝛽𝛽2 =  𝐵𝐵2 −  𝑏𝑏2,                                                                           (3) 
where 𝐵𝐵 is the measured peak width and 𝑏𝑏 = 0.08° is the instrumental peak broadening, due to 
the instrument of GIXRD. The mean grain sizes of the samples were found between 11nm 
and 25nm.  

The degree of preferential grain orientation according to (ℎ𝑘𝑘0) plane was determined 
using the following equation: 
𝐹𝐹ℎ𝑘𝑘0 =  ∑ 𝐼𝐼(ℎ,𝑘𝑘,0)/𝐼𝐼0(ℎ,𝑘𝑘,0)

∑ 𝐼𝐼(ℎ,𝑘𝑘,𝑙𝑙)/𝐼𝐼0(ℎ,𝑘𝑘,𝑙𝑙)
,                                                                  (4) 

where 𝐼𝐼(ℎ𝑘𝑘𝑘𝑘) is the measured intensity of X-ray diffraction, 𝐼𝐼0(ℎ𝑘𝑘𝑘𝑘) is the corresponding 
standard intensity from the ICDD data. The degree of preferential orientation according to the 
plane (ℎ𝑘𝑘0) of SnO2: 3 at.% Sb thin films is in the order of 44%. 

Morphological Properties. The thin films of undoped and Sb doped SnO2 at 1 at.%, 
3 at.% and 5 at.% respectively, annealed at 400 °C for 4h were examined by the AFM device 
to characterize the surface roughness. The AFM measurements are carried out in the air in 
"tapping mode". Figure 3 displays the 2D and 3D AFM images of Sb-doped SnO2 thin films 
annealed at 400 °C with a Sb concentrations of 0 (undoped) and 5 at.% obtained over an area 
of 2 × 2 μm2. 
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Table 1. GIXRD parameters and mean grain size of undoped and antimony doped SnO2 thin 
films with various Sb concentrations of 0 (undoped), 1 at.%, 3 at.%, and 5 at.% for different 
annealing temperatures 
Doping rate Ta (°C) Crystalline 

structure 
a, c (Å) D (nm) Fhk0 (%) 

0 at.% 

As-prepared 

Tetragonal 

a = 4.740 

c = 3.204 
23 64 

400  

450  

500  

550  

1 at.% 

As-prepared 

a = 4.766 

c = 3.195 
25 53 

400  

450  

500  

550 

3 at.% 

As-prepared 

a = 4.780 

c = 3.293 
11 44 

400 

450 

500  

550 

5 at.% 

As-prepared 

a = 4.740 

c = 3.204 
14 43 

400 

450 

500 

550 

 
The average roughness 𝑅𝑅𝑎𝑎 and the root mean square 𝑅𝑅𝑞𝑞 (RMS) parameters were 

calculated from AFM data using the following relations: 
𝑅𝑅𝑎𝑎 =  1

𝑙𝑙 ∫ |𝑍𝑍(𝑥𝑥)|𝑑𝑑𝑑𝑑,𝑙𝑙
0                                                                             (5) 

 

𝑅𝑅𝑞𝑞 =  �1
𝑙𝑙 ∫ 𝑍𝑍2(𝑥𝑥)𝑑𝑑𝑑𝑑,𝑙𝑙

0                                                                           (6) 

where 𝑍𝑍(𝑥𝑥) is the function, that describes the surface profile, analyzed in terms of height 
𝑍𝑍 and position 𝑥𝑥 of the sample over the evaluation length 𝑙𝑙. The results are collected in 
Table 2, with thickness values measured by a profilometer as a function of Sb doping.  

All samples show a polycrystalline morphology, and the grain size gradually decreases 
with an increase of Sb concentration. The grain size is seen to be larger than the crystallite 
size estimated from XRD measurements; however, this is also attributable to the 
agglomeration of smaller crystallites. Also, we see from the AFM images, a trend of 
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formation of nanostructures in the form of aggregate with different sizes in relation to doping 
concentration. It has been suggested that there is homogeneous granulates on all surfaces of 
the films, these results are in very good agreement with previous works [18]. The root mean 
square (RMS) surface roughness values for samples with Sb concentrations of 0 (undoped) 
and 1 at.%, 3 at.%, and 5 at.% were found to be 7.707 nm and 13.563 - 5.725 - 8.334 nm, 
respectively. 

Fig. 3. 2D and 3D AFM images of Sb-doped SnO2 thin films annealed at 400°C with Sb 
concentration of 0 (undoped) (a) and 5 at.% (b) 

 
Table 2. Surface roughness parameters and thickness of undoped and Sb doped SnO2 thin 
films annealed at 400°C for 4h 

Sb-doping 
concentration  

(at. %) 
Thickness (nm) 𝑅𝑅𝑎𝑎 (nm) 𝑅𝑅𝑞𝑞 (nm) 

0 340 5.709 7.704 
1 155 10.793 13.563 
3 141 4.580 5.725 
5 306 6.694 8.334 

 
Optical properties. Figure 4 shows the optical transmittance of the undoped and Sb 

doped SnO2 thin films and those deposited at Sb doping concentration 5 at.%, in the 
wavelength range from 300 to 900 nm. 

All the undoped SnO2 thin films deposited have an average transmittance in the visible 
range that varies between 58% and 65%, it has been noticed that this transmittance increases 
with the increase of annealing temperature. The increased transparency observed may be 
attributed to less scattering effects and better crystallinity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

(b) (a) 
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          (a)              (b) 

Fig. 4. Optical transmittance spectra of undoped (a) and Sb doped SnO2 thin films before and                                                     
after annealing at different temperatures (b) 

 
We have noticed that transmittance increases after doping with 1 at.%, 3 at.% and 

5 at.% Sb, and all the films display high transmittance in the visible and near-infrared ranges. 
It indicates that the highest optical transmittance is of the order of 82% for SnO2: 1 at.% Sb 
thin films annealed at 400°C for 4h. 

From the transmission spectra and the thickness determined by the profilometer, we 
calculate the absorption coefficients 𝛼𝛼 using the following relation: 
∝ = 1

𝑒𝑒
ln � 100

𝑇𝑇(%)�,                                                             (7) 
where 𝑒𝑒 is the film thickness. 

In the low-energy region of the incident photon [1.5–3.5 eV], we notice a decrease in 
the absorption coefficient. It is clear that the rate of doping reduces the absorption coefficient. 

Optical band gap 𝐸𝐸𝑔𝑔 is an important characterization tool for thin film. The optical band 
gap of undoped and Sb doped SnO2 thin films were evaluated from Tauc's equation [22],  
(𝛼𝛼ℎ𝜗𝜗) = 𝐴𝐴(ℎ𝜗𝜗 − 𝐸𝐸𝑔𝑔)𝑛𝑛,                                                        (8) 
where 𝐴𝐴 is a constant, ℎ is the Plank's constant, 𝜗𝜗 is the frequency of incident photon and 𝛼𝛼 is 
the absorption coefficient. In eq. (8) the exponent 𝑛𝑛 indicates the nature of band transition, the 
value of 𝑛𝑛 is taken as ½, for the direct allowed transition nature of undoped and Sb doped 
SnO2 thin films. The 𝐸𝐸𝑔𝑔 values of the films were measured, from extrapolation of the straight 
line region of the (𝛼𝛼ℎ𝜗𝜗)2 versus ℎ𝜗𝜗 graph to intercept the ℎ𝜗𝜗 axis. The obtained values of 
optical band gaps of all the films are mentioned in the respective plots, Fig. 5. 

The direct bandgap, determined by extrapolating the straight-line portions to the energy 
axis to (𝛼𝛼ℎ𝜗𝜗)2 = 0, is found to be varied between 4.099 and 4.224 eV for pure SnO2 thin film, 
which is comparable to the value of Eg = 4.119 eV reported for single-crystal SnO2 [23], 
these gap energy values are larger than the value of 3.62 eV for the bulk SnO2 due to the 
contribution of quantum size effect of the present SnO2 thin film [24]. On the one hand, we 
notice a decrease in the width of the band gap after doping (approximately 3.9 eV for SnO2: 
1 at.% Sb), this variation can be explained by the Roth effect [25]. And on the other hand, the 
gap increases again with the increase of the doping rate (3 at. % and 5 at.% Sb), the gap 
increases following the Burstein Moss effect [26,27], also this increase may occur due to the 
replacement of Sn+4 with Sb+5, which fills the lower energy levels of the conduction band 
inside the forbidden gap region that then causes the increased carrier concentration. However, 
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these results converge on previously published studies, Table 3, that show that doped SnO2 
thin films generally exhibit wider band gap energies on the order of 4 eV [28,29]. 

 
                                       (a)           (b) 

Fig. 5. Plots of  (𝛼𝛼ℎ𝜗𝜗)2 vs. ℎ𝜗𝜗 of undoped (a) and Sb doped SnO2 (b) thin films for  
different annealing temperatures 

 
Table 3. Comparison of SnO2 thin films band gap values 
Thin films Deposition method  Eg (eV) References 

Undoped SnO2 

Spray pyrolysis 4.09 - 4.22 Our study 
Spin coating 4.38 [30] 
Spin coating 4.10 [6] 

Ultrasonic spray 
pyrolysis 4.10 [31] 

Sb doped SnO2 

Spray pyrolysis 4.10 – 4.12 Our study 
Radio-frequency 

magnetron sputtering 4.28 - 4.32 [32] 

/ 4.17 - 4.41 [33] 
 

Urbach energy, which characterizes crystalline disorder of films, can be determined by 
the following relation [34]:  
𝛼𝛼 =  𝛼𝛼0 exp �ℎ𝜗𝜗

𝐸𝐸𝑢𝑢
� ,                                                            (9) 

where 𝛼𝛼0 is a constant and 𝐸𝐸𝑢𝑢 is the Urbach energy. The value of Urbach energy is calculated 
from the reciprocal value of the slope of the linear portion of 𝑙𝑙𝑙𝑙𝑙𝑙 versus ℎ𝜗𝜗. We have found 
that for all the samples, the values of Urbach energy of undoped and doped SnO2 films 
decreases from 0.286 eV to 0.283 eV, 0.319 eV to 0.299 eV, 0.319 eV to 0.305 eV and from 
0.300 eV to 0.288 eV, for 0 at.%, 1 at.%, 3 at.% and 5 at.% Sb concentration, this result can 
be explained by the decrease in disorder in the films. 

Photoluminescence (PL) analysis. Photoluminescence (PL) spectroscopy is a powerful 
technique for studying the behavior of SnO2 luminescence as a function of Sb-doping content. 
We give in Fig. 6 the emission spectra for Sb-doped SnO2 thin films annealed at 400°C with 
Sb concentration of 0 (undoped), 1 at.%, 3 at. % and 5 at.% obtained at room temperature 
normalized intensity recorded in the energy range (4.1–1.4 eV) corresponding to the 
wavelength range (~ 300–900 nm). For all the deposited thin films, the emission peaks have 
high intensity and are positioned at 359, 409, 535, and 718 nm. At room temperature, the high 
density of oxygen vacancies interacting with interfacial tin leads to the formation of a 
considerable amount of trapped states within the band gap, giving rise to high PL intensity. 
The peak at 359 nm (~3.45 eV) is sharp UV-violet luminescence peak, the visible region can 
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be split into three luminescence bands, peak at 409 nm is violet luminescence peak 
(~3.03 eV), peak at 534 nm is green luminescence peak (~2.32 eV) and peak at 718 nm 
(~1.73 eV) is red luminescence peak. According to the literature [35,36], the UV-violet is 
mainly generated by the electron transition from the donor level formed by oxygen vacancies 
(VO) to the acceptor level formed by other defects and impurities. The UV-violet peak we 
observed from undoped SnO2, and think that it is also due to oxygen vacancies (VO). The UV-
violet peak for the doped SnO2 is due to the difference in the position of the donor level 
formed by Sb ions and oxygen vacancies (VO). The violet can be related to tin interstitials and 
oxygen vacancies in the undoped SnO2 thin films. For SnO2: Sb films, the origin of the violet 
peak at 409 nm is attributed to the electron transition from the donor level formed by oxygen 
vacancies (VO) or Sb+5 ions to the acceptor level formed by the Sb+3 ions [37]. In spray 
deposited polycrystalline oxides, oxygen vacancies are known to be the most common defects 
and form the donor level [38]. For our samples, because of the pyrolytic decomposition, there 
should be the existence of oxygen vacancies due to rapid evaporation and oxidation processes. 
A broad peak observed at 718 nm may be due to other crystal defects which are formed 
during the growth of samples. As to the origin of the peak at 535 nm of pure SnO2 and Sb 
doped SnO2, maybe it is related to other crystal defects which were formed during the growth 
of the samples, but it is not yet clear now. 

 

 
Fig. 6. PL emission spectrum of SnO2 thin films with various Sb concentrations at excitation 

wavelength of 325 nm 
 

4. Conclusion 
In our study, transparent conducting SnO2 thin films with different concentrations of Sb have 
been successfully fabricated on glass substrate by using the chemical spray pyrolysis 
technique. All the synthesized films are polycrystalline in nature and are matched with ICDD 
card number 00-41-1445 to confirm the tetragonal rutile structure of SnO2 films. AFM 
measurements confirmed a polycrystalline rutile structure for all samples improved with XRD 
analysis and showed that the maximum roughness was noted for SnO2: 1 at. % Sb thin films. 
The optical transmittance of the SnO2 films increases with doping Sb. These results suggest 
that spray pyrolysis is a promising fabrication technique for TCOs films composed of Sb 
doped SnO2. Strong violet emission has been seen in the luminescence spectra. 
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