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Thin films of zinc-doped vanadium pentoxide with different Zn doping levels (in steps of 
0.1mM of Zn) were deposited on glass substrates by a home built spray pyrolysis system. 
The effect of Zn doping on the structural, morphological and optical characteristics were 
carried out. X-ray diffraction (XRD) patterns revealed that prepared films were 
polycrystalline in nature, having an orthorhombic crystal structure. Annealing effect 
improved the crystallinity of the films. The crystallite size of the films was found to increase 
after annealing. From the FESEM image, the rod shape was observed in the annealed 
pristine V2O5 film. The band gap energies of as deposited and annealed pristine V2O5 film 
were 2.16eV and 2.18eV respectively. The band gap energy of as deposited films varied 
with Zn doping. 
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1. INTRODUCTION  

Amidst different metal oxides, synthesis of vanadium oxide thin films at low temperature 
has become a challenging one. Specifically, V2O5 films have attracted much interest due 
to their distinctive features such as multi valency, layered structure, wide optical band 
gap, good chemical and thermal stability and excellent thermoelectric properties [1]. 
These features suggest V2O5 as a potential material for gas sensing applications [2], thin 
film battery [3], optical-electrical switches [4] and smart windows [5]. 

Synthesis of doped nanostructured V2O5 for wide applications has recently been the 
subject of much research. It has been revealed that the properties of V2O5 could be 
upgraded by introducing various metal ions into host lattice. Hence many attempts were 
made such as Ag [6], Mo [7], Sn [8], Zr [9], Na [10], F [11], Cu [12], Zn [13] and Cr [14] in 
order to enhance the electrochemical, electrochromic and thermoelectric properties by 
various methods. 

Though several sophisticated methods are available, spray pyrolysis is a modest and 
inexpensive method. It is used for large area depositions with good uniformity and 
porosity in films [15] and yields oxide films of high quality at rather low costs when 
properly controlled. This method offers a list of controlling parameters such as solution 
molarity, substrate temperature, annealing temperature, annealing time and dopant 
effects. Particle formation mainly depends on the shape of the droplet sprayed on 
preheated substrate. Hence the formations of clusters initially are avoided. The size of 
the droplets can be monitored at the nanoscale at low temperatures [16]. Spray pyrolysis 
is not limited to specific metal oxide and is widely used to prepare various metal oxides.  
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Zn as a dopant in VO2 has been studied by dc reactive magnetron sputtering [11]. Zinc 
(Zn) is an important transition metal element having an ionic radius of 0.074 nm, which is 
slightly greater than that of V5+ (0.059nm) and hence Zn2+ ions can possibly incorporate 
into the V2O5 crystal lattice and substitute partially V5+ position in the crystal. By this 
process of doping a low valence cation into V2O5 lattice, one can modify the growth 
kinetics considerably. In the present work, we have studied the doping and post 
annealing effects of Zn in V2O5 at different concentrations of Zn and have reported the 
structural, morphological and optical properties of the prepared samples. 

2. EXPERIMENTAL 

2.1.  Preparation of Zn-Doped V2O5 Thin Films 

Vanadium (III) chloride (Sigma-Aldrich, USA, purity 99.8%) and Zinc chloride, (Sigma-
Aldrich, USA, purity 99.8%) were used as sources of vanadium and zinc oxides 
respectively. Firstly, for pristine V2O5 thin film 0.05M of vanadium (III) chloride (VCl3) was 
dissolved in 50 mL of deionized water.  For Zn doped V2O5, an appropriate quantity of 
Zinc chloride (ZnCl2) was added from 0.1mM to 0.5mM in steps of 0.1mM in the 
precursor solution respectively. The solution was stirred thoroughly using a magnetic 
stirrer for 30 min and then deposited on the preheated glass substrates kept at 250°C by 
spray pyrolysis system. A home built spray system was constructed as reported by 
Jeyaprakash et. al. [17].  

Before the deposition process, the glass substrates were cleaned chemically and dried 
to remove the unwanted organic matters present in the substrate. The cleaned glass 
substrates were placed on the heater which is controlled by chrome-nickel thermocouple 
fed to a temperature controller with an accuracy of ±1°C. The solution was sprayed at an 
angle of 45° onto preheated glass substrate kept at a distance of 50cm from the spray 
gun. Compressed dry air at a pressure of 2 kg/cm2 by an air compressor via an air filter 
with regulator was employed as the carrier gas and spray rate of the solution was kept at 
3 ml/min. To avoid excessive cooling of substrates, consecutive spraying process was 
employed with the time period of 15 seconds between two sprays. All the prepared film 
samples were post annealed at 300°C for 1 hour in an air atmosphere. 

2.2. Characterization Techniques 

The structural details of the thin films prepared by the afore mentioned process, were 
carried out by P Analytical X-ray diffractometer (Model D/MAX ULTIMA III) using Ni-
filtered  Cu K(alpha) X-radiation (k=1.54056Ǻ). A range of 2θ from 10° to 100° was 
scanned from a fixed slit type so that all possible diffraction peaks could be detected. 
Crystallite size and micro strain were analyzed by X-Ray line broadening technique. 
Surface morphology of the films was investigated using Field Emission Scanning 
Electron Microscope (Model Carl Zeiss Ultra 55) with an accelerating potential of 18KV. 
Prior to the imaging, the films were sputtered with a thin gold film to increase the 
emission of the secondary electron for enhanced imaging. All the spectra were acquired 
at a pressure using an ultra-high vacuum with Al Ka excitation at 250W. The optical 
properties and the band gap of the thin films were analyzed by UV-VIS-NIR 
spectrophotometer (Model- Lambda 35). 
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3. RESULTS AND DISCUSSION 
3.1. Structural Analysis 

Figure 1 shows the XRD patterns of as deposited pristine and Zn doped vanadium 
pentoxide thin films. As seen, all the as deposited films are polycrystalline in nature. The 
peaks observed in pristine V2O5 film at 2θ = 15.4°, 20.2°, 26.1°, 31.0°, 32.4°, 41.1°, 47.3° 
and 51.1° correspond to (2 0 0), (0 0 1), (1 1 0), (3 0 1), (3 1 0), (0 0 2), (6 0 1) and (0 2 
0) planes respectively. It confirms the typical V2O5 orthorhombic phase [JCPDS Card No. 
41- 1426] with lattice parameter values of a = 11.516, b = 3.5656 and c = 4.3727 Å. The 
observed pattern is in accordance with the other V2O5 films prepared by the spray 
pyrolysis and other methods [18-20]. Films doped with 0.3mM and 0.4mM of Zn has a 
V4O9 phase with preferred orientation along (1 0 1) and (4 0 1) planes (JCPDS Card: 24-
1391, 23-0720). For all the pristine and Zn doped films (0 0 1) peak is predominant. But 
the intensity of (0 0 1) was found to be decreased with an increase in the dopant 
concentration due to smaller crystallite size. Moreover, the doping of Zn2+ ions in the V-O 
lattice deteriorates V2O5 phase. A film with 0.5mM of Zn doping was found to be 
amorphous in nature due to the accumulation of Zn on the grain boundaries of host V-O 
lattice.   

 
Fig. 1: XRD patterns of as deposited (a) Pristine V2O5 and Zn doped (b) 0.01 mM (c) 

0.02 mM (d) 0.03 mM (e) 0.04 mM (f) 0.05 mM, V2O5 thin films 

Figure 2 shows the XRD patterns of annealed pristine and Zn - doped vanadium 
pentoxide thin films. The observed peaks indicated that all the films have polycrystalline 
nature. Pristine V2O5 film showing an improved crystallinity at diffraction angle of 12.8° 
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indicates β - V2O5 phase with tetragonal structure and having a preferential orientation 
along (2 0 0) plane [JCPDS Card No. 45-1074]. A change of phase from V2O5 to β-V2O5 
after annealing was observed by many other researchers [21–23]. In the case of Zn 
doped films, the growth was stabilized with reference to as deposited films. It might be 
due to the enrichment of dopant mobility resulting in an improvement in the quality and 
crystallinity of films. In the case of a film with 0.5mM concentration of Zn, the growth was 
suppressed with reference to lower doping concentration. It is concluded that excess 
amount of doping Zn influences growth orientation and hence the morphology of the film 
[24].  

 
Fig. 2: XRD patterns of annealed (a) Pristine V2O5 and Zn doped (b) 0.01 mM (c) 0.02 

mM (d) 0.03 mM (e) 0.04 mM (f) 0.05 mM, V2O5 thin films 

The crystallite size and microstrain were calculated using Scherrer’s formula [25], 

D=0.9λ / βcosθ      (1)  

And εhkl = β/4tanθ        (2) 

Where D is the size of the grain in the direction perpendicular to the reflecting planes, θ 
is diffraction angle, K is shape factor (=0.9), X is the wavelength of X-ray, β is the full 
width at half maximum of prominent peaks in radian and εhkl is microstrain. Figure 3(a) 
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and 3(b) show the variation of mean crystallite size and microstrain for both as deposited 
and annealed films.  

 

 
Figure 3: Variation of (a) Mean crystallite size and (b) microstrain of as deposited and 

annealed pristine and Zn doped V2O5 thin films. 
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It can be seen that crystallite size of pristine V2O5 film is found to decrease after 
annealing with significant phase change. The increase in the dopant concentration 
decreases the mean crystallite size. This fact is attributed to increasing crystallographic 
imperfections and lattice disorder, triggered by dopant concentration. After annealing, the 
crystallite size was found to increase due to coalescence process [26]. 

Table 1: Variation of structural and optical properties. 

Zn dopant 
concentratio
n 
(mM) 

 Mean crystallite 
size (nm) 

Micro Strain (×10–3)  Band gap energy 
(eV) 

As 
deposite
d 

anneale
d 

As 
deposite
d 

anneale
d 

 

 

As 
deposite
d 

anneale
d 

0 53.84 33.36 1.20 10.04  2.16 2.18 
0.1 52.91 71.57 1.00 0.64  2.36 1.88 
0.2 47.55 72.53 1.11 0.78  1.56 1.32 
0.3 51.55 70.53 1.03 0.86  2.00 1.48 
0.4 48.7 74.57 0.90 0.73  2.24 1.96 
0.5 35.73 42.92 1.48 1.23  2.28 1.76 

The microstrain was found to increase for the pristine V2O5 film after annealing. 
Annealing temperature increases the internal stress which increases the microstrain [27]. 
For Zn doped films, the microstrain decreases with annealing. The mobility of Zn2+ 
enhances during annealing. This enhancement may reduce the microstrain and therefore 
vary the surface morphology. Zn2+ ions partially substituted the V5+ ions and have not 
formed any Zinc oxide phase. 

3.2. Morphological Analysis 

The surface morphology of the as deposited and annealed films was studied using 
FESEM images shown in Figure 4, 5 and 6. In Figure 4, there is a significant change in 
morphology of the Zn doped films as Zn concentration was increased (Figure 4). The 
micrographs of as deposited pristine V2O5 films depict the featureless, smooth and 
compact surface with fine pores. Figure 4(b) and 4(c) show different morphology when 
compared to pristine films. The distortion of the typical V2O5 phase with the incorporation 
of Zn is evidently seen through the FESEM images. As the dopant concentration 
increased to 0.3mM of Zn, the film surface becomes disordered due to a mixed phase of 
V2O5 and V4O9. It clearly shows film doped with 0.5mM of Zn is slightly amorphous in 
nature and is in confirmation with above mentioned XRD data.  

As observed in Figure 5, there is a marked difference between as deposited and 
annealed films. While annealing the agglomeration process is initiated resulting in the 
formation of larger grains. In contrast to the as deposited pristine V2O5 film, the annealed 
V2O5 film presents a slightly coherent and homogeneous morphology, consisting of rod 
shaped nano structure which is approximately 300 nm wide as shown in Figure 6. It 
might be related to the formation of a new phase as depicted in XRD pattern. This type 
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of rod shaped nanostructure was also observed in pristine V2O5 thin films prepared at 
500°C substrate temperature using spray technique by Irani et. al. [18].  

 

 



 Study of Structural, Morphological and Optical Properties of Nano-Structured Zinc doped V2O5 Thin Films  

ISSN: 2249-9970 (Online), 2231-4202 (Print), © 2011 NLSS     [25]  Peer Reviewed & Refereed, Vol. 8(2), Jul 2018 

 

Fig. 4: FESEM images of as deposited (a) and Zn doped with (b) 0.3mM and (c) 0.5mM. 

After annealing of Zn doped thin films, densely packed grains transformed into clusters 
forming larger grains with an irregular shape. It also confirmed that doping with Zn 
distorted the morphology of the films which was evidently seen in XRD patterns. 
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Figure 5: FESEM images of annealed (a) and Zn doped with (b) 0.3mM and (c) 
0.5mM. 
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Fig. 6: FESEM images of annealed pristine V2O5 thin films with different magnifications 
of 25k ×, 50k × and 100k × 

3.3. Optical Studies 

Figure 7 and 8 show the optical absorption spectra and Tauc’s plot of as deposited and 
annealed pristine V2O5 and Zn-doped V2O5 thin films. Generally, by increasing the 
dopant concentration, the optical absorbance decreases intensely. In Figure 7(a), as 
deposited films doped with 0.3mM and 0.4mM of Zn concentration showed high 
absorption value. The trend is reversed for low concentration of Zn (0.1mM and 0.2mM). 
On the other hand, notably film doped with 0.5mM of Zn show lower absorption. It can be 
stated that the large porosity in 10% of Zn doped film observed in FESEM images, can 
reduce the refractive index of the film, resulting in a decrease in absorption of the film 
[28]. The absorbance increased considerably with post annealing at 300°C. The 
annealed pristine V2O5 film showed a high absorbance which indicated the film formation 
with better crystalline nature.  

The optical absorption coefficient ‘α’ was estimated as 

α = 2.303A / t          (3) 

Where A is the absorbance and t is the thickness of the film. The optical band gap was 
calculated using Tauc's relation given in following equation [29] as  
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(αhν)1/n = B (hν ̶  Eg)     (4)  

Where hν is the photon energy, Eg is the cortical band gap of the film, α is the absorption 
coefficient, ‘B’ is constant, the exponent ‘n’ corresponding to the type of transition. The 
values of n are 1/2, 2, 3/2 and 3, correspond to the allowed indirect, direct, forbidden 
indirect and forbidden direct band gaps respectively. 

In Figure 7(a), as deposited films doped with 0.3mM and 0.4mM of Zn concentration 
showed high absorption value. The trend is reversed for low concentration of Zn (0.1mM 
and 0.2mM). The Eg values determined are found to vary from 1.32eV to 2.36eV as 
shown in Table 1. The optical band gap energies of as-deposited and annealed pristine 
V2O5 are 2.16eV and 2.18 eV respectively which are in agreement with the previous 
results [30, 31]. In the case of Zn doped films, the band gap energies are decreased 
after annealing. The variations of Eg with Zn doping concentration of both as deposited 
and annealed films are shown in Figure 9. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
 

 
Figure 7: (a) Absorbance spectra and (b) Tauc’s plot of as deposited V2O5 thin films 

doped with different Zn concentrations. 
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Figure 8: (a) Absorbance spectra and (b) Tauc’s plot of annealed V2O5 thin films doped 
with different Zn concentrations. 
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Fig. 9: The variation of Eg with Zn doping concentration. 

4. CONCLUSION 

The results of the study of structural, morphological, XPS and optical studies of Zn-
doped V2O5 thin films prepared on glass substrates by a spray pyrolysis technique are 
reported here. XRD measurements revealed that all the films show polycrystalline nature 
with a slight variation of phase due to the substitution of V5+ by Zn2+ ions. Annealed films 
exhibit improved crystallinity with as deposited films. The crystallite size is increased with 
annealing whereas the microstrain decreased. The rod shaped nanostructure is 
observed in annealed pristine V2O5 films. The surface roughness of all the prepared films 
increased with annealing. The band gap of V2O5 was tuned upon Zn doping upto 0.5mM. 
On annealing, the band gap shifts to lower energy. This narrow bandgap energy might 
be used for detection and generation of infrared radiation and narrow band gap 
semiconductors.  
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