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In this study, undoped, fluorine, cobalt and fluorine-cobalt co-doped tin dioxide SnO2 thin 

films have been deposited onto 480°C preheated glass substrates using the spray pyrolysis 

technique with moving nozzle (SPMN). Structural and opto-electrical properties of 

undoped tin oxide and F/Co and F-Co co-doped SnO2 tin films were investigated. The 

used sources for SnO2 product and its doping F, and Co elements are SnCl2, NH4F and 

CoCl2, respectively. The studied samples are 7 wt % F/Sn, 2.5 wt % Co/Sn, and (7 wt% 

F/Sn +2.5 wt% Co/Sn) co-doped SnO2. Effect of F doping , Co doping and co-dopeding 

concentration on structural and optical properties of SnO2 thin films was investigated. 

Structural studies using X-ray diffraction show that formation of SnO2 under rutile 

structure with several diffraction peaks at 2θ = 37.95, 26.61 and 51.82°along (200), (110) 

and (211) planes, respectively. Further the more peak at 29.9° corresponding to (101) plan 

of SnO phase formation was observed only with F-doping and Co-doping SnO2 cases. 

(200) peak intensity increases to reach its maximum with Co-doped SnO2 becomes more 

significant, when F/Co reaches 0.1M, leading to an increment in SnO2 crystallite size over 

23.33nm for the considered concentration. FT-IR analysis of spectra confirmed the 

existence of Sn-O, F-Sn-F, and Sn-F bonds vibrations modes in the product. UV-visible 

investigation of optical transmittance spectra showed that the films have transparence 

ranged in 73-83% and fluctuated band gap energy in the average 3.77 to 3.94eV whereas 

the films thicknesses varied between 960-1373nm. 
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1. Introduction  
 

Transparent conducting oxides (TCOs) thin films are very useful materials for many 

applications. They have a wide use in solar cells, optoelectronics and display devices, catalytic, 

heat mirrors smart window and so on [1-5]. Among them, doped tin oxide (SnO2) is of particular 

employ because of its owing important properties which are the good electrical conductivity and 

high transparency in the visible region. Such properties make it an ideal candidate for others 

application more than cited above. SnO2 thin films are prepared by many techniques: chemical 

vapor deposition [6], sputtering[7], sol-gel [8, 9], reactive evaporation [10], pulsed laser ablation 

[11], photochemical method [12], ultrasonic spray method and spray pyrolysis [13, 14]. Among 

these deposition techniques spray pyrolysis which is a simple low cost method for great area 

coating.[15] Fluorine (F), iron (Fe), antimony (Sb), molybdenum (Mo), indium (In), palladium 

(Pd), cerium (Ce), niobium (Nb), and cobalt (Co) doping were achieved to improve tin oxide 

(SnO2) properties[16-22]. Among those dopants fluorine and cobalt co-doped tin oxide are few 

studied. 
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In the research, elaboration of F, Co doped tin dioxide (FTO), (CTO), and F-Co co-doped 

tin dioxide (FCTO) transparent conducting thin films on glass slides will be achieved. SnCl2, 

NH4F and CoCl2 have been used as sources of Sn, F, and Co elements, respectively, to prepare 

undoped tin dioxide (SnO2), (FTO), (CTO), and (FCTO) thin films. The later have been sprayed 

via pyrolysis technique with moving nozzle (SPMN) [23] Investigation of their physical properties 

will be undergone using structural, optical, and electrical apparatus equipment. 

 
 
2. Experimental details 
 
2.1. Preparation of (SnO2), (FTO), (CTO), and (FCTO) thin films 

Undoped, F doped, Co doped and F-Co co-doped tin oxide thin films were elaborated 

using tin chloride dehydrate (SnCl2, 2H2O), ammonium fluoride (NH4F) and cobalt chloride 

dehydrate (CoCl2, 6H2O) as sources of Sn, F, and Co elements, respectively. The sources were 

dissolved in double distilled water and methanol in volume ratio (1/2:1/2) in respect of theoretical 

amounts of doping 7wt.% F doped SnO2; 2.5wt.% Co doped SnO2, 7wt.% F+2.5 wt.% Co co-

doped SnO2. The obtained solutions were sprayed onto 480°C heated glass substrates (Ref 217102: 

having 7.5x2.5x0.13cm
3
 as dimensions) with keeping distance nozzle-substrate equal to 5cm; 

whereas the deposition time was 5min with spray rate of 5ml/min. The moving nozzle was used to 

save the stability of substrate temperature. 

 

2.2. Characterization 

The optical transmittance and FT-IR absorbance measurements were recorded in the 

spectral region of (200-900nm) and (400-4500cm
-1

) by using UV-visible spectrophotometer 

(Shimadzu, Model 1800) and (Shimadzu, IR Affinity-1), respectively. The structural 

characterization of the achieved thin films was carried out, on 1×1 cm
2
 sample sheets, by X-ray 

diffraction (XRD) with an X-ray diffractometer (BRUKER-AXS type D8) equipped with X’Pert 

High Score under Cu Ka (l = 1.5405Å) radiation whereas the scanning range of (2θ) was between 

10-90°. Morphology survey of the films is done by the scanning electron micrographs (SEM). The 

measurements were conducted at room temperature (rt). Sheet resistance evaluation was measured 

via four-point probe technique on 1x1 cm
2
 samples sheets. 

 
 
3. Results and discussion  
 

3.1. Optical properties 

The transmittance spectra of the samples are shown in Fig. 1. For all of them, the average 

transmittance was taken at 450, 600, 750nm, respectively which was found more than 78, 77, 73 

and 83% for undoped, F-doped, Co-doped and F+Co co-doped SnO2, respectively. It means that in 

the visible region, the films show an increase in transmittance after (F, Co) doping separately and 

more enhanced for the co-doped. Due to the existence of interference fringes and in respect to 

Manifacier and Swanepoel formula [24], the calculated thickness (t) of the layers was done as 

following expression [25]: 

 

𝑡 =
λ1λ2

2(n1λ2−n2λ1)
                                                                     (1) 

 

where λ1 λ2 are the wavelengths at the maxima in nm whereas n1 and n2 are the refractive indexes 

at λ1 λ2, respectively. n1 and n2 are given by the following formula [25, 26]: 

 

 

n1,2 = √N1,2 + √N1,2
2 + S2 

                                                             (2) 

and 
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𝑁1,2 = (
1+𝑆2

2
) + 2𝑆 (

𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛

𝑇𝑚𝑎𝑥𝑇𝑚𝑖𝑛
)                                                     (3) 

 

where S the refractive indexes glass (Sglass=1.52),Tmax and Tmin represent the maxima and minima 

of the transmittence spectrum  

 
 

Fig. 1. Transmittance spectra of undoped, F doped SnO2:(FTO), Co doped SnO2:(CTO) and  

F-Co co-doped SnO2: (FCTO) thin films. 

 

 

The obtained thickness are ranged from 960nm to 1300nm as seen in Table 1. Based on 

estimated thickness values, there is an contrary relationship between transmittance value and the 

thickness of the layers with the respect of Beer-Lambert low. 

As well known tin oxide has direct band gap (Eg), for all samples Eg was deduced from 

Tauc’s expression [27] in respect to the following equation: 

 
(𝛼ℎ𝜐)2 = 𝐴(ℎ𝜐 − 𝐸𝑔)                                                                 (4) 

 

where α is the absorption coefficient and A is a constant. Eg values decrease with doping and co-

doping from 3.94 to 3.77eV for undoped to Co doped tin oxide. 

 

 

Fig. 2. Band gap (Eg) estimation from Tauc relation of undoped tin dioxide, F doped (FTO),  

Co doped SnO2 (CTO) and F-Co co-doped SnO2 (FCTO) thin films. 

 

 

Fig. 2 shows the band gap assessment from Tauc relation of undoped, F or Co doped, and 

F+Co co-doped tin dioxide. The whole changes in Eg were given in Table 1. 
 

 

 

Table 1. Films thickness, Band gap and Transmittance values of undoped, F doped SnO2:(FTO),  
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Co doped SnO2:(CTO) and F-Co co-doped SnO2: (FCTO). 

 

Material t (nm) Eg(eV) T(%) Rsh (Ω.cm
-2

) 

Undoped SnO2 

SnO2: FTO 

SnO2: CTO 

SnO2: FCTO 

1098.24 

1136.94 

1373.77 

960.36  

3.944 

3.928 

3.779 

3.919 

78.16 

77.71 

73.76 

83.73 

177.35 

20.34 

127.46 

38.56  

 

 

3.2. FTIR analysis 

FTIR spectra of undoped, F-doped, Co-doped and F+Co co-doped SnO2 thin films, in 400-

4500 cm
-1

 range are shown in Fig. 3. Peak at 1040 nm may be related to  O-H vibration which 

adsorbed to the surface of the elaborated samples. The related Sn-O-Sn vibration, at peaks 773 cm
-1

, 

appears in all samples which leads us to proclaim the formation of the SnO2 product [28] in the 

whole samples. It was worth that for F-doped SnO2 a F-Sn-F vibration appears at 418cm
-1

 [29-31] 

and subsists even in F-Co doped SnO2.  

 

 

Fig. 3. FT-IR spectra of undoped, F doped SnO2:(FTO), Co doped SnO2:(CTO) and  

F-Co co-doped SnO2: (FCTO) thin films. 

 

 

For the cobalt doped samples the O-Sn-O absorption peck appears at 471cm
-1

 [28], it 

becomes larger with high intensity than the peak in the undoped SnO2 sample. The effect Co doping 

and its presence in the Co doped sample is not well remarked.  

For F-Co doping sample it is well known that each dopant Co and F enter in substations 

with Sn and oxygen separately but effect of F doping is still dominant because of the amount of 

fluorine.(F(7wt%) and Co(2.5wt%) hence the F-Sn-F vibration appearing at 418cm
-1 

subsists in F-

Co doped SnO2. 

 

3.3. Structural properties and surface morphological analysis 

3.3.1. XRD analysis 

The XRD patterns for the undoped SnO2, FTO, CTO, and FCTO layers grown on glass 

substrates have been studied in the 2θ range of 10-90° as can be seen in Fig. 4. X-ray diffraction 

show that formation of SnO2 under rutile structure with several diffraction peaks at 2θ = 26.61, 

37.95 and 51.82°along (110), (200) and (211) planes, respectively according to JCPDS card No:41-

1445 (𝑎0=b0=4.737Å,c0=3.185Å) [32]. XRD samples spectra show that the preferred trend is (200) 

peak at 37.95°. Intensity of this peak increases and reaches its maximum with Co-doped SnO2. 

Further the more peak at 29.9° corresponding to (101) plan of SnO2 phase formation was observed 

only with the case of F-doping and Co-doping SnO2 leading to an increment in SnO2 crystallite size 

over 31.60nm for the considered concentration.  
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Fig. 4. XRD patterns SnO2 images of undoped, F doped SnO2:(FTO), Co doped SnO2:(CTO)  

and F-Co co-doped SnO2: (FCTO) thin films. 

 

 

Using Scherrer’s formula, the mean crystalline size (D) of undoped, F-doped, Co-doped 

and F+Co co-doped SnO2 thin films, was calculated according to the equation below [33]: 

 

D=
0.9λ

𝛽 cos 𝜃
                                                                                      (5) 

 

where D is the crystalline size, β is the broadening of the diffraction line measured at ful width at 

half maximum intensity (FWHM) in (rad), and λ is the X-ray wavelength (1.5406Å). The XRD 

parameters, such as crystalline size (D) and the phases identified along with the (200) plane. Values 

of them were illustrated in Table. 2. It is worth noting that crystallite size increases gradually from 

23.33nm for pure SnO2 to reach 25.91nm, 31.60, and 31.61 for FTO, CTO and FCTO in this order. 
 

 

Table 2. Lattice parameters a, and c, crystallite size D and Rsh of the products. 

 

Material 

 

 Lattice constants(Å) D (nm) Rsh (Ω.cm
-2

) 

a ∆a=a-a0 c ∆c=c-c0 

Undoped SnO2 

SnO2: FTO 

SnO2: CTO 

SnO2: FCTO 

4.7701 

4.7614 

4.7427 

4.7226 

0.03195 

0.02329 

0.0057 

-0.0144 

3.175 

3.173 

3.203

3.228 

-0.0121 

-0.0133 

0.0159  

0.0409  

23.33 

25.91  

31.60 

31.61  

177.35 

20.34  

127.46 

38.56  

 

 

For more information about the structure and growth of the layers, texture coefficients and 

lattice parameters were calculated according to the following formula [34]: 

 

𝑇𝐶(ℎ𝑘𝑙) =
𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄

𝑁−1 ∑ 𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄𝑁
𝑛

                                                         (6) 

and 
1

𝑑ℎ𝑘𝑙
2 =

ℎ2+𝑘2

𝑎2 +
𝑙2

𝑐2                                                                      (7) 

 

where I(hkl) is the plane (hkl) measured relative intensity, I0(hkl)is the standard intensity taken from 

the JCPDS data of the same plane (hkl), N is the reflection number and n is the number of 

diffraction peaks. Whereas (hkl), dhkl, ‘a’ and ‘c’ are the miller indexes, the inter-planar distance, 

and the lattice constants, respectively. 

A growth along <200> direction plane is the preferred orientation. As seen in the Fig. 5 the 

coefficient becomes more significant when SnO2 is doped with fluorine. The calculated value a is 

greater than the value a0 of the JCPDS card No:41-1445 (𝑎0=b0=4.737Å,c0=3.185Å) for the doping 

with undoped, F doped and Co doped only then becomes weaker than a0 for the case of F+Co co-
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doped layer. Whereas the parameter c starts weaker then becomes greater than c0 as recapitulated in 

Table 2.  

 

 

 

Fig. 5. TC (hkl) variation of undoped, F doped SnO2: (FTO), Co doped SnO2:(CTO) and  

F-Co co-doped SnO2: (FCTO) thin films. 

 

 

3.3.2. Surface morphologies 

The films morphology is studied by SEM (Jeol model TESCAN VEGA3). Fig. 6 exhibits 

SEM images of the surface samples at the same magnification. As shown in Fig. 6 a) the undoped 

sample has homogenous surface with few agglomeration of pure SnO2 as it was established by 

special EDX focus on those points (see EDX results corresponding to Fig. 6 a). For FTO sample 

surface, the agglomerations become as small granules in size with high density. Also by special 

EDX focus on those agglomerations and elsewhere (see EDX results corresponding to Fig. 6 b) it 

was revealed that the product structure is a compounded of Sn, O, and F with flour percentage 

around 6 at. %. Fig. 6 c) shows that the agglomerations become large in size with cobalt doping 

(CTO sample) and EDX focus reveals the percentage of Sn, O, and Co as 23.58, 73.04, and 3.38 

at. %, respectively. Yet for the co-doped sample, the agglomerations become as mixture of small 

and large size granules. Also by special EDX focus on those agglomerations (see EDX results 

corresponding to Fig. 6 d), the structure of the product is a compounded of Sn, O, F and Co with 

the corresponding percentage of Sn, O, F, and Co around 28.00, 64.28, 6.59 and 1.14 at. % 

revealing the co-existence of cobalt and fluorine as doping elements substituting the tin atoms and 

oxygen ones, respectively. 

 

 

 
 

Fig. 6. SEM images and EDX of a) undoped, b) F doped SnO2:(FTO), c) Co doped SnO2:(CTO),  

and d) F-Co co-doped SnO2: (FCTO) thin films. 
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3.4. Electrical properties 

Sheet resistance (Rsh) was measured with the help of four-point probe where the current (I) 

is applied between the outer two contacts and the potential difference (V) is measured across the 

inner two probes [35], A corrective factor of 4.532 is used. Sheet resistance value can be obtained 

from the last relation as follow: 

 

𝑅𝑠ℎ = 4.532(
𝑉

𝐼
)                                                                        (8) 

 

Table 2 gives Rsh values of the undoped, F-doped, Co-doped and F-Co co-doped SnO2. As 

well known previously that F-doped tin oxide is a conductor [36]. Co-doped SnO2 thin films were 

less conducting, at room temperature, than F-doped one but more conducting than undoped SnO2. 

Either for F-Co co-doped, the film was found more conducting than Co-doped and less conducting 

than F-doped thin films tin oxide (For more precision see Rsh values in Table 3). 

 

 
4. Conclusions 
 

Undoped, FTO, CTO and FCTO thin films were deposited onto 480°C preheated glass 

substrates using (SPMN). The studied samples concentrations are 7 wt %, 2.5 wt %,(7 

wt%+2.5wt%) co-doped SnO2. Effect of F and Co doping and F+Co co-dopeding concentration on 

structural and optical properties of SnO2 thin films were investigated. Optical transmittance spectra 

showed an average 73-83% and Eg values between 3.77 to 3.94eV whereas the films thicknesses 

varied between 960-1373nm. Structural studies using FT-IR analysis of spectra confirmed the 

existence of Sn-O-Sn, F-Sn-F, and O-Sn-O bonds vibrations modes in the product. Also X-ray 

diffraction show rutile structure formation of SnO2. An additive peak at 29.9° corresponding to 

(101) plan of SnO phase formation was observed only with F-doping and Co-doping SnO2 cases. 

Crystallite size average was 23-31nm for the considered doping SnO2 product. 
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