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a b s t r a c t

The spray pyrolysis is the simple and most promising thin-film fabrication technique in the deposition of
Vanadium pentoxide (V2O5) thin film. Thin films of pure V2O5 and Magnesium (Mg) doped V2O5 were fab-
ricated by spraying precursor solution on a glass substrate by spray pyrolysis at 350 �C. The doping con-
centrations of 1, 3, 5, & 10 wt% of Mg deposited followed by the heat treatment process at 350 �C. Field
emission scanning microscopy (FESEM) and atomic force microscope (AFM) images have been used to
study the morphology of the film showed the presence of white nanoparticles and surface roughness
thereby effect of doping have been noticed. The XRD study shows the increase in the growth of film in
(200) direction and enhancement in crystallite size with increase in doping. EDAX study confirms the
presence of vanadium and doped Magnesium. Optical property study using UV–visible spectroscopy
shows a rapid decrease in absorbance whereas transmittance increases with an increase in wavelength
and also observed varying optical bandgap (Eg) from 3.55 eV to 3.75 eV for pure and Mg-doped V2O5 thin
films. Compared to other transition metals, V2O5 exhibits properties appropriate for lithium-ion batteries
and sensor applications at very low Mg-doping concentrations.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Confer-
ence on Smart and Sustainable Developments in Materials, Manufacturing and Energy Engineering.

1. Introduction

Due to the outstanding inclusive and physiochemical proper-
ties, advancement in nanomaterials especially on transition metal
oxides such as V2O5 has gained considerable attention nowadays
[1–4]. The V2O5 based devices are suitable for UV detectors,
switching devices, catalysts, sensors, field-effect transistors, piezo-
electric devices, storage medium, electro-optical devices, hydrogen
storage, etc. due to its properties like n-type conductivity, high
specific power, electrical resistivity, transmission, variable oxida-
tion states, magnetic susceptibility, high energy density [5–14].

Latest researches on V2O5 thin films reports various oxidation
states of vanadium ions of V2O5 that controls defects by forming

a useful oxide surface and sensing gas through chemisorption
[15–18]. It has been reported that the high Mg content in V2O5 thin
films found to be more suitable for high colouration efficiency, high
visible transmittance, fast switching response time and elec-
trochromic windows. Superior or at least comparable characteris-
tics have been identified for V2O5doped with other transition
metal films like Mg-doped films [19]. Current research is focused
on the physical properties of Magnesium (Mg) doped with V2O5-
nano structures prepared by spray pyrolysis for device
applications.

The thin film deposition methods are mainly classified into
chemical and physical deposition techniques. The physical method
includes molecular beam epitaxy (MBE), vacuum evaporation, laser
ablation and sputtering [20]. The chemical deposition technique
includes solution and gas phase-based technique. It is simple, easy
and makes use of precursors. Spray pyrolysis, Spin coating, sol–gel
and dip coating are some of the solution-based methods [21–23].
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Gas-based techniques include chemical vapour deposition (CVD),
atomic layer deposition etc. The choice of deposition method is
usually based on the suitability of the technique for the material
used, the degree of deposition control and the costs of deposition.

Spray pyrolysis is found to be a very convenient method to
deposit V2O5 thin films as wide areas can be easily grown with high
growth rates, low cost and minimal waste. In recent years, the
spray pyrolysis method has been adopted to integrate dopant ions
into semiconductor materials; this provides an easy way to replace
elements within desired percentage through precursor solution. It
is well reported that gas sensor’s sensitivity and selectivity
depends upon the surface morphology of the thin film and shift
in resistivity as the gas comes into contact with the oxide layer;
both depend primarily on the film’s crystallite or grain size [24].
Considering the above parameters spray pyrolysis method found
to be more suitable for V2O5 based thin film deposition.

2. Experimental

2.1. Sample preparation

The pure V2O5 and Mg-doped V2O5 was deposited by spray
pyrolysis on glass substrates with different dopant percentages of
thin films. The precursor solution was prepared by adding a few
drops of concentrated HCl to the ammonium metavanadate in
100 ml of distilled water at a concentration of 0.02 M. The Mg dop-
ing carried by adding concentrations of 0,1,3,5,10 and 20 wt% of
Magnesium chloride (MgCl2) to the V2O5 precursor solution. The
prepared solution is directly sprayed at the substrate temperature
of 350 �C onto the well-cleaned glass substrate [25]. For the thin
films, the deposition conditions using spray pyrolysis are given in
Table 1. The estimated thickness of � 200 nm films were prepared
and kept in a hot air oven at 350� C for about one hour annealing to
evaporate the organic residuals present in the solutions.

2.2. Characterizations of material

The pure V2O5 and Mg-doped V2O5 thin films thickness were
calculated using sensitive microbalance by gravimetric weight dif-
ference method. The film samples were assumed to be uniform
throughout. An approximate 200 nm thick films were prepared.
The Bruker’s XRD source used for structural properties study has
been carried by adjusting the diffraction angle 2h with a wave-
length of 1.5406 Å. The grain size of the particle in the film is anal-
ysed by FESEM images. The film composition using EDAX and
surface roughness of films by AFM images help in elementary
investigation of the films. The percentage elemental composition
using EDAX is tabulated in Table 2. The optical parameters like
optical bandgap(Eg), absorption coefficient and transmittance
were calculated using UV–visible double-beam
spectrophotometer.

3. Results and discussions

3.1. Analysis of structural properties by XRD study

The X-ray Diffractometer (XRD) data collected using a Rigaku
powder X-ray diffractometer equipped with Cu Ka radiation
(k = 1.5406 Å) through the range from 10� to 75� help in assessing
the crystallite structural properties of the thin film. Fig. 1 shows
the diffraction patterns of pure and Mg-doped V2O5 thin films.
The diffraction pattern of pure V2O5 is well-matched with standard
V2O5 diffraction pattern [26]. The observation from graphs shows
increase in concentration of Mg doping increases the intensity of
the diffraction peaks. For the different concentrations of Mg dop-
ing, the diffraction peak with minimal change is observed. At the
diffraction angle (2h) = 12.28� the XRD patterns corresponding to
the plane (200) suggests that the films formed are polycrystalline
and crystallised under the orthorhombic structure. XRD spectra
indicate that the size of crystallite increases with dopant
concentration.

The Scherrer equation [27] is used calculate the crystallite size
based on the width of (200) peak, which is obtained at � 12.28 on
a 2h scale.

Davg ¼ 0:9k
b cos h

ð1Þ

where Davg is the crystallite size, h is the Bragg’s angle and b is the
full width at half maximum (FWHM) in radians. The Mg doped V2O5

XRD peaks show that the crystal structure of V2O5 is well estab-
lished after replacing with Mg. The determined values of lattice
constants a and c [28] and the interplanar spacing dhkl using the for-
mula (2) are tabulated in Table 3.

1

dhklð Þ2
¼ 4ðh2 þ hkþ k2Þ

3a2
þ l2

c2
ð2Þ

Where h, k and l are the miller indices dhklis the inter planar
spacing, a and c are lattice constants. The value of lattice constant
a and c increase with the increase in concentration up to 3% doping

Table 1
Spray pyrolysis parameters for the deposition of Mg doped V2O5 thin films.

Spray Parameters Optimum Values

Substrate temperature 350 �C
Ammonium metavanadate solution concentration 0.02 M
Magnesium chloride solution concentration 0.02 M
Solvent Deionised water
Volume % of Mg 1, 3, 5, 10 and 20
Carrier air Pressure 2 bars
Substrate to nozzle distance 24 cm
Solution spray rate 1 ml/min
Nozzle diameter 0.8 mm
Spray Duration �10 mins Fig. 1. V2O5 and Mg-doped V2O5 thin films XRD patterns.

Table 2
Atomic percentage of functional material using EDAX.

Elements Pure V2O5 1% Mg 3% Mg 5% Mg 10% Mg

O 50.23 50.13 49.45 50.16 50.29
V 49.77 48.76 47.31 44.86 39.95
Mg 0 1.11 3.24 4.98 9.76
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and with further increase in doping would decreases the lattice
parameters, whereas, ratio of c/a remains constant as � 1.44. It is
observed that doping with Mg increases the crystallite dimensions
of the films.

3.2. Morphological properties

Microscopic features of pure and Mg-doped thin films have
been studied using FESEM images. Fig. 2(a-e) shows FESEM images

Table 3
XRD structural parameter of Mg doped V2O5.

Sample % wt Mg 2h(Degrees) FWHM(Degrees) DavgðAÞ Lattice parameters (A) d hklð ÞðAÞ
a c

Pure V2O5 8.34 19.4595 4.09167 14.68402 21.17803 5.45113
1% Mg 8.28 18.45292 4.3147 14.79024 21.33122 5.49056
3% Mg 7.97 24.87438 3.20024 15.34916 22.13731 5.69805
5% Mg 8.3 19.5922 4.06385 14.75466 21.27991 5.47735
10% Mg 9.98 24.24857 3.28734 12.2757 17.70463 4.55709

Fig. 2. FESEM images of: a) pure V2O5, b) 1%, c) 3%, d) 5%, and e) 10% Mg-doped V2O5 thin films.
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of pure V2O5 and Mg-doped with V2O5 thin films. A uniform struc-
tures are observed for the undoped film. With Mg integration, the
structure transforms into the randomly scattered small rock-like
white structure and in 3% doping image shows rod-like structures.
Further increase in dopant (5%) shows an increase in the size of

these rods. But for the 10% dopant, the uniform crystalline struc-
ture throughout was observed. Nevertheless, the dopant (Mg) con-
centration raises the grain sizes of the films. The nanoparticles
average sizes are 40–100 nm and were found in a spherical shape.
The Energy dispersive X-ray (EDAX) spectrum images in Fig. 3.

Fig 3. (a-e) EDAX spectrum of Mg-doped V205 thin films.

Fig. 4. (a): Absorbance Vs Wavelength for pure and Mg doped V2O5 films (b): Transmittance Vs Wavelength for pure and Mg doped V2O5 films.
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show predicted elements like V, O and Mg in the elementary com-
position of the prepared thin films of pure V2O5 and Mg-doped
films.

3.3. Optical properties

UV–Visible double-beam spectrophotometer investigates elec-
tronic transitions using optical absorption spectra for undoped
and doped V2O5 thin films in the range of 300 nm –800 nm is as
shown in Fig. 4(a) and (b). The figure indicates a fast decline in
absorption with wavelengths corresponding to the prepared thin -
film bandgap while transmittance increases with wavelength. The
tauc plot [29] determines the optical direct energy band-gap (Eg)
for the thin film prepared and is shown in Fig. 5. The energy band
gap found between 3.53 eV and 3.75 eV in V2O5 thin films for 0 to
10% of Mg concentrations as shown. The Eg for pure V2O5 is found
to be 3.53 eV. It is noticed that the Eg value increases to 3.75 eV
with 1 wt% doping (Mg) concentration and will keep decreasing
with increased Mg doping.

Fig. 5. Plot of aht2 vs photon energy for pure and Mg doped V2O5 films.

Fig. 6. AFM images of: a) pure V2O5, b) 1%, c) 3%, d) 5% and e) 10% Mg-doped V2O5 thin films.
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3.4. Atomic force microscopy (AFM) image study

AFM images (Fig. 6) reveal that the surface roughness was
increased from 54.4 nm to 112 nm with Mg-doping and is as
shown in 3D images. The high surface roughness is mainly due
to the ‘O’ vacancy present in the films. The sharp grain shapes of
pure V2O5 changes to smooth grain size, which indicate the doping
effect of Mg.

4. Conclusions

The thin-film fabrication using spray pyrolysis method is found
to be simple and cost-effective for V2O5 thin films. The effect of Mg
doping found to affect the structural, morphological and linear
optical properties of V2O5 thin films. The XRD shows with poly-
crystalline and an excellent crystalline behaviour with an
orthorhombic phase which were grown preferentially along
(200) plane. FESEM images confirm the non-homogeneous com-
pared to the doped ones, which are also supported by the values
of surface roughness. EDAX spectrum reveals the elemental com-
position of the prepared films found with predicted elements.
The surface roughness has been increased with the Mg-doping.
The bandgap energy was determined for the V2O5 films and found
to be varied for about 2 wt% with the Mg-doping. The inspiring
results with enhanced surface roughness suggest that the prepared
Mg-doped V2O5 films are suitable and useful for optoelectronic,
energy and gas-sensing applications.
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