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Abstract

                         
Tin oxide was prepared by chemical methods and then doped with different weight ratios of vanadium 
2wt% and 4wt%. The structural, morphological, and optical properties were studied. It was found that 
all the recorded films had a polycrystalline diffraction pattern and that the predominant reflection was 
(111) plane. The doping processes resulted in the improvement of crystalline structure and the disap-
pearance of a number of secondary reflections and the direction of the film in a single crystalline pat-
tern, thus reducing the values of energy gap and percentage transmittance. The morphological proper-
ties were studied by converting the three-dimensional images into graphic drawings to enable us to 
easily calculate surface parameters.
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Introduction

The process of doping metal oxides semiconductors 
with the transition metals of the second group in 
the periodic table or their ions is considered as an 
important and interesting subject in many fields 
of  applications [1], such as gas sensors [2], surface 
coatings, environmental and human health [3], organic 
pollutants and toxic water [4], photocatalysis [5], 
probe reaction to evaluate the catalytic activity [6], and 
nanocomposite or heterojunction catalysts [7]. Where a 
small amount of material from the transition group can 
have a significant and a clear effect on the properties 
of surface electrical conductivity [8]. Tin dioxide was 
doped successfully with different transition metals 
such as cobalt [9], nickel [10], chromium [11], iron 

[12] and magnesium [13]. Where tin oxide has a wide 
band gap of 3.6 eV at a temperature of 300k [14], SnO2 
is a semiconductor of n type [15]. The precipitated tin 
oxide with vanadium was studied, which increased the 
sensitivity of CO gas because of the development of 
V+3, V+4, V+5 [16]. The effect of addition of vanadium 
to SnO2 was also studied, and it was found that V+4 
ions were the best performance of V+5 for H2, which 
reduced the oxygen vacancies on the surface and 
reduced the degree of crystallization [17]. Vanadium 
was added to SnO2 for the purpose of measuring the 
sensitivity of the prepared film to SO2 sulfur dioxide at 
a concentration of 5 ppm. Sensitivity percentage was 
70% when adding 15wt% to SnO2 at the concentration 
of gas 100 ppm of SO2. For 5 ppm of SO2 gas, 
sensitivity percentage was 45% in the same doping 
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weight ratio [18]. The aim of this work was to prepare 
vanadium doped SnO2 in order to study its structural, 
morphological and optical properties.

Experimental

The experimental setup was discussed elesewhere 
[19]. 0.1 M of SnCl4. 5H2O was dissolved in deionized 
water to prepare undoped  SnO2 provided by Sigma-
Aldrich – German. The doping agent was vanadium 
(III) chloride VCl3 in deionized water to prepare V 
doped SnO2 provided by Sigma-Aldrich – German. A 
few drops of HCl were added to the solution in order 
to get a clear solution. Substrate was glass slide. The 
preparation conditions: Substrate temperature was 450 
°C; distance between nozzle and substrate was 29 cm; 
spraying period 10 s lasted by 90 s to avoid cooling; 
spray rate was 5 mL/min; nitrogen gas was used as a 
carrier gas. X-ray diffraction (XRD)  (SHIMADZU 
XRD-6000), scanning electron microscope (SEM) (Jeol 
JSM 6335F), and transmission electron microscopy 
(TEM) (Type CM10 PW6020, Philips-Germany) were 
applied. Atomic force microscopy (AFM) was used 
to introduce surface topography using a digital tool 
Nanoscope Ш and Dimension 3100. Ultraviolet-visible 
spectrophotometer (UV Spectrophotometer Shimadzu 
Model UV-1800) was used to record the absorbance 
spectra in the wavelength range 200-1000 nm.

Results and Discussion
Fig. 1 represents an X-ray diffraction pattern of 

SnO2 precipitated by chemical spray technique and 
doped with vanadium by 2 and 4wt% on the glass 

substrate. It was noted from the figure that all the 
undoped and doped films were of a polycrystalline 
pattern. The dominant reflection was the (111) plane 
at angle 2θ = 30.02° that satisfied orthorhombic SnO2 
(JCPDS 29-1484) [20]. The intensity of this reflection 
increased with the increase of doping and decreased the 
full width at half maximum (FWHM) as shown in Fig. 
1(a) [21] due to improvement in the crystallization.  
Increase in the intensity of the dominant (111) 
reflection was due to the fact that the ions radius of the 
dopant V+4 = 0.58 Å occupied interstitial sites due to 
the small ionic radius of the dopant ion compared to 
the host material Sn+4 = 0.71 Å, and therefore moving 
towards superlattice, which increased the transmittance 
due to the increase in grain size, leading to reducing 
grain boundaries that acted as centers of radiation 
dispersion. The inset-attached shapes represented 
the distribution of grain size, with grain boundaries 
by different colors for the purpose of clarifying the 
increase of these grains, indicating the improvement 
of the crystallization with increasing the intensity of 
reflection and increasing the crystalline size calculated 
by Sherrer’s formula Eq. (1) [22, 23]. Where the 
crystallite size increased from 19.35 to 37.78 nm 
when increasing the doping from 0wt% to 4wt% of 
vanadium, the number of secondary reflections at 
(020), (021), (022), (023), (041) corresponded to the 
angles 31.43°, 35.76°, 47.35°, 62.54° and  67.63°. 
All the diffraction peaks could be related to the 
tetragonal rutile structure of SnO2 and no reflections 
from vanadium oxide phases could be noticed. It was 
observed that the reflection (041) was only present in 
the undoped SnO2 and the reflection (022) and (023) 
disappeared at the 4wt% of vanadium. The reflection 
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Fig. 1  (a) X-ray diffraction pattern of undoped and V doped SnO2; (b) Zoom in the image of the dominant reflection.
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(021) and (021) decreased their intensity with doping 
and the doping matter improved crystallization 
significantly, with the film  direction to a single 
crystalline pattern. Fig. 2(a), (b), (c) and (d) represents 
the full width at half maximum, crystallite size, 
microstrain and the dislocation density as a function 
of doping weight ratios. The opposite relationship 
between the FWHM and crystallite size was observed 
from Fig. 2(a) and (b) based on the Sherrer Equation 
(1). Fig. 2(c) represents the microstrain that was 
calculated by Equation (2), which was observed to 
decrease with doping due to improved crystallization 
of the deposited film. Fig. 2 (c) represents the 
dislocation density that was calculated by Equation (2), 
which also showed the decrease in their values due to 
the regular arrangement of crystalline and reduced the 
crystalline defects in the films. The unit cell (a, b and c) 

of the polycrystalline SnO2 films with (111) orientation 
was calculated using Equation (4) [24] and found good 
agreement with those reported in JCPDS standard data 
as shown in Table 1.

D = (NȜ)/(ȕ�cos θ) (1)
İ = (ȕ�cos θ)/4 (2)
į = 1/D2  (3)
1/d2 = (h2/a2) + (k2/b2) + (l2/c2).  (4)

Fig. 3(a) represents a two-dimensional scanning 
electron microscope (SEM) image. Fig. 3(b) is a 
picture of a specific and amplified area of the film 
surface of Fig. 3(a) and different colors showing 
particle size using a professional program to calculate 
the surface parameters. Fig. 3(c) shows a graph of 
the distribution of surface heights of a specific area. 
All these figures described undoped thin films. It was 
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Fig. 2  (a) Full width at half maximum, (b) Crystallite size, (c) Microstrain, and (d) Dislocation density of undoped and V doped 
SnO2.

Table 1  X-ray diffraction results for undoped and V doped SnO2 films deposited by RF magnetron sputtering at different time 
duration

c (Ǻ)b (Ǻ)a (Ǻ)
D (nm)FWHM (°)2θ (°)Plane (hkl)Samples

CalculatedStandardCalculatedStandardCalculatedStandard

5.2335.2145.7105.7254.2314.71419.550.4130.02(111)undoped

5.2335.2145.7315.7254.2334.71426.720.3030.02(111)2 wt%

5.2335.2145.3405.7254.2374.71438.180.2130.02(111)4 wt%

Fig. 3  Scanning electron microscope image of (a) undoped SnO2, (b) magnified and colored image, and (c) distribution of surface 
heights of a specific area.
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noticed that surface of the films was homogeneous with 
some cracks and that the size of particles was close to 
each other, as was observed from the size of the colors 
as about 70 nm. The height histogram indicated that 
the height was distributed causally at the dominant 
height 125 nm.

Fig. 4(a) represents a two-dimensional SEM image. 
Fig. 4(b) is a picture of a specific and amplified area 
of the film surface of Fig. 4(a) with different colors 
showing particle size of Fig. 4(c), a graph of the 
distribution of surface heights of a specific area. All 
these figures described 2wt% vanadium doped SnO2 
thin films. It was noticed that the surface of the films 
was homogeneous and the cracks became very few due 
to increased deflection, and that the size of the particles 
was close to each other They became larger due to 
increased crystallization, as was observed from the size 
of the colors as about 80 nm. The height histogram 
indicated that the height was Gaussian distributed at 
the dominant height 140 nm.

Fig. 5(a) represents a two-dimensional SEM image. 

Fig. 5(b) is a picture of a specific and amplified 
area of the film surface of Fig. 5(a) and different 
colors showing particle size of Fig. 5(c), a graph of 
distribution of surface heights of a specific area. All 
these figures were for 4wt% vanadium doped SnO2. It 
was noticed that the surface of films was homogeneous, 
free of cracks and that the size of particles was close 
to each other. They became larger due to increased 
crystallization, as was observed from the size of 
the colors as about 100 nm. The height histogram 
indicated that the height was Gaussian distributed at 
the dominant height 160 nm. Fig. 6 represents images 
of transmission electron microscopy (TEM). Fig. 6(a) 
represents undoped samples. It was noted that the 
shape was spherical with the particle size of 20 - 30 
nm. It was noted that the particle size changed to 30 
- 40 nm because of the change in the percentage of V 
doped SnO2, as shown in Fig. 6(b) and (c).

Fig. 7(a) represents three-dimensional images of the 
undoped tin oxide. Fig. 7(b) is a cross-section of the 
x-axis in Fig. 7(a). From the undoped model in Fig. 

Fig. 4  Scanning electron microscope image of (a) 2wt% doped SnO2, (b) magnified and colored image, and (c) distribution of 
surface heights of a specific area.
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Fig. 5  Scanning electron microscope image of (a) 4wt% doped SnO2, (b) magnified and colored image to determine particle sizes, 
and (c) distribution of surface heights of a specific area.
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7(a), we observed a number of conical nanostructures 
on the base, and the number of these structures was 
small in the measured area (1000 × 1000 µm). The 
topography of the X-axis in Fig. 7(b) and of its specific 
length was observed; the high conical shapes were 
between 80 - 160 nm, and the diameter of the base was 
2 - 4 nm. This method is very accurate in converting 
three-dimensional shapes into diagrams,

Fig. 8(a) represents a three-dimensional image of 
the model with 2wt% vanadium, increasing the height 
of the conical nanostructure as well as increasing their 
number. The conical shape that was prevalent in the 
undoped SnO2 disappeared to be replaced by structures 
in the form of mountain chains. In Fig. 8(b), the X-axis 
and a certain distance of 20 nm indicated that the 

diameter of these shapes became smaller at its base 
as of 2 nm, and its height was greater than 200 nm 
due to the improved crystallization and the increased 
reflection intensity of XRD pattern.

Fig. 9(a) represents a three-dimensional image of 
the model doped with 4wt% vanadium; notes of the 
nanostructure increased with the height, increased the 
length of mountain chains, and filled the surface of the 
film with these structures. X-axis in Fig. 9(b) depicts 
the specific length of the model. It was noticed that 
the height of these shapes was still 200 nm, but it was 
becoming more like a vertical rod from the base of the 
substrate with a diameter of 5 - 10 nm.

Fig. 10 represents the transmittance percentage 
values of the undoped films, and doped films deposited 
by chemical spray method, and the transmittance 

Fig. 6  Transmission electron microscopy image of (a) undoped SnO2, (b) 2% V doped SnO2, and (c) 4% V doped SnO2.
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Fig. 7  Atomic force microscopy (AFM) image of undoped 
SnO2: (a) 3D image 2 × 2 µm, and (b) X-Y scaling for 
inspection area.
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increase from 63.10% to 83.14% was observed when 
increasing the doping weight ratio from 0.4wt% to 
4wt%. The difference in the transmittance percentage 
between the two successive models was about 8% - 
10%. This transmittance was in the infrared, visible 
and ultraviolet regions. The absorption edge values for 
all the models were at 275 nm. The shapes attached 
in Fig. 11 are for surface layer, and the record shows 
increasing grain size with increased doping weight 
ratio and thus reduction of grain boundaries that 
acted as scattering centers of dispersion of incident 
radiation. Fig. 11 represents the values of the direct 
energy gap, which was calculated from Equation 5 
[25], by plotting the values of (αhv)2 as a function 
of the fallen photon energy. The linear relationship 
between (αhv)2 and hυ could be observed in high 

energy area of 8 - 10 (eV/cm)2. By extrapolating the 
linear behavior of the curve, which represented the 
energy needed for the electron to move from valence 
band (VB) to conduction band (CB) [26]. Its value was 
3.82 eV for the undoped model and decreased to 3.54 
eV for the film of 2wt% and then 3.48 eV for the 4wt% 
film. The decreases in the energy gap values were due 
to secondary energy levels as vanadium reduction as 
well as small crystalline defects of the prepared films.

(αhυ) = b (hυ- Eg)
n, (5)

where hυ is the photon energy, n is an index related to 
the density of state (n = 1/2 for direct transition and n = 
2 for indirect transition [27]), and Eg is the optical band 
gap of the semiconductor.

Fig. 12 represents the mathematical model of the 
experimental transmittance values of the undoped 
SnO2 and vanadium doped model. It is noted from 
the figure that the high congruence existed between 

Fig. 9  Atomic force microscopy image of the 4wt% SnO2: (a) 
3D image 2 × 2 µm; (b) X-Y scaling for inspection area.
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mathematical model and experimental values where 
the mathematical model was set as in Equation (6). 
Table 2 represents the values of the variables a, b, c, d 
and e in the mathematical equation.

Y = (a+b)/x + c/x2 + d/x3 + e/x4 (6)

Fig. 13 represents the mathematical model of 
the experimental energy gap values and of the non-
doped and vanadium doped model. It is noted from 
the figure that a high congruence existed between the 
mathematical model and experimental values where 
the mathematical model was set as in Equation (7). 

Table 3 represents the values of the variables a, b and c 
in the mathematical equation.

Y = a + b Exp(-x/c) (7)

Conclusions 

The process of doping tin oxide with vanadium 
led to improving crystal structure to a degree that all 
numbers of secondary reflections disappeared and the 
intensity of the dominant reflection increased with 
a decrease in  the transmittance percentage and the 
energy gap. The energy gap decreased from 3.82 eV 
for pure SnO2 thin film to 3.48 eV for 4wt.% vanadium 
doped SnO2 film. 
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