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Vanadium pentoxide (V2O5) thin films were deposited on glass substrates using a low energy (1.3 kJ) plasma focus device. 
The V2O5 thin films were deposited with 10, 20 and 30 shots. The XRD results demonstrated that the degree of crystallinity 
and the average grain size of the V2O5 thin films enhance with more shots. Raman scattering analysis revealed the 
formation of the V2O5 thin films which was in suitable agreement with the XRD results. The SEM and AFM analyzes 
indicated a growth of nanoparticles/agglomerates on the surface of films, and enhancement of surface roughness of layers 
with increasing of shots. 
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1. Introduction 
 

Vanadium oxides make an interesting group of 
materials such as VO, V2O3, VO2, V2O5 and so on, due to 
their varying oxidation states between V2+ and V5+ [1]. 
Among all of these, vanadium pentoxide (V2O5), is 
particularly a interesting material for applications in 
microelectronics devices [2,3], electronic and optical 
switches [4], and cathodes for solid-state batteries [5]. In 
the last years some researchers are synthesized different 
V2O5 forms including nanotubes, nanowires, nanorodes, 
nanobelts and thin films by various methods such as sol–
gel [6], spray pyrolysis [7], magnetron sputtering [8], 
pulsed laser deposition [9], and thermal decomposition 
method [10]. In this paper, for the first time we are used 
plasma focus device for deposition of vanadium oxide thin 
films and investigated structural and morphological 
properties of V2O5 thin films deposited by this method.  

Plasma focus (PF) [11] is a simple pulse plasma 
device which produces a high temperature (1–2 keV) and 
high density (1025–1026 m-3) plasma column for a short 
time of 10-7 s, using a self-generated magnetic field. This 
device is an appropriate source of neutrons, soft/hard X-
rays, relativistic electrons and energetic ion beams [12-
14]. These high energy ions can be utilized for different 
applications such as surface modification [15], ion 
implantation [16], thermal surface treatment [17] and thin 
film deposition [18-20].  

The PF device as a source of high energy ions for 
processing of materials has remarkable advantages such as 
high deposition rate, energetic deposition process and 
possible deposition under reactive back-ground gas 
pressures. It is noticeable that thin films deposited by this 
method show higher surface quality, with suitable 
adhesion to the substrate because of its broad ion energy 

spectrum, grain growth of various compounds through 
nucleation by successive shots at room temperature 
environment [21]. 

These interesting features of the PF device for the thin 
film deposition, and also recent upsurges in the use of the 
PF as a potentially suitable candidate for materials 
processing motivate us to employ it in a somewhat 
different material processing scheme. The idea is to take 
superiority of the high energy radiation from plasma focus 
to deposit V2O5 thin films using low energy PF device. 
The thin films are deposited on to glass substrates at room 
temperature with various number of focus shots (10, 20 
and 30 shots) at constant distance from the tip of anode 
(10 cm). X-ray diffractometer (XRD) and Raman 
scattering are used to study the Phase composition of 
deposited thin films, whereas scanning electron 
microscopy (SEM) and atomic force microscopy (AFM) 
are employed to investigate the surface morphology of the 
thin films. 
 
 

2. Experimental details 
 
V2O5 thin films are deposited onto glass substrate at 

room temperature by a low energy (1.3 kJ) Mather type PF 
device. Fig. 1 presents a schematic arrangement of the 
experimental setup along with the focus subsystem. 

As it is shown in Fig. 1, the anode is located at the 
center and the coaxial electrodes are configured in a 
twelve copper electrode squirrel cage design for the 
cathodes. The anode contained of a solid copper rod 
designed to attach a target at the top end of the anode. As 
it is observable from Fig. 1, in order to form the V2O5 thin 
films a high purity metallic Vanadium target is mounted in 
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central hollow copper anode. The technical parameters of 
PF device for synthesis of V2O5 thin films are presented in 
Table1. 

 
 

Fig. 1. The schematic of the plasma focus device 
employed for V2O5 thin film deposition 

 
 

Table 1. The technical parameters of PF device for 
synthesis of V2O5 thin films 

 
Operating parameters Description 

Capacitance 10 F 
Operating charging voltage 16 kV 

Stored energy 1.3 kJ 
Peak discharge current 130 kA 
Inductance of circuit 90 nH 
Working gas (Ratio) Argon:Oxygen (7:3) 

Base pressure 10 -3 torr 

Filling gas pressure 1 torr 

Substrate temperature Room temperature (295 K) 

 
The focus chamber is evacuated up to 10-3 Torr by a 

rotary vane pump. After evacuation of chamber, the 
argon–oxygen admixture is used as a working gas. Our 
researches on the powerful focusing demonstrated that the 
best outcome was obtained with the argon:oxygen ratio of 
7:3 at a combined filling gas pressure of 1 Torr. Hence, all 
V2O5 thin films are deposited with this combination. 

In the current experiment, V2O5 thin films are 
deposited on 10  10  1 mm3 glass substrates which are 
ultrasonically cleaned with alcohol and later acetone, each 
for a period of 10 min. The substrates are mounted 
centered onto a substrate holder at the distance of 10 cm 
from the anode tip. In this study, V2O5 thin films are 
deposited by 10, 20 and 30 shots. A removable shutter is 
placed between the sample holder and the anode tip. After 

obtaining suitable focusing this shutter is removed, and the 
V2O5 thin films are deposited with different number of 
shots. The degree of focusing action in PF device is 
indicated by a sharp voltage peak in the voltage probe 
signal. It is recorded by a four-channel TDS 2014B (100 
MHz) TEKTRONIX digital oscilloscope (see Fig. 2). 

 

 
 

Fig. 2. Voltage signal of a typical plasma focus discharge 
 
The qualitative explanation  of the process of 

formation of V2O5 thin film, based on the approximate 
characteristics of plasma and ion beam in PF device, is as 
follows: during the radial collapse phase of the plasma 
focus operation, the temperature of the pinch plasma is so 
high that it leads to the complete dissociation and 
ionization of the filling gas species (in this experiment; 
oxygen and argon). After collapse of plasma  column 
during the radial collapse phase, the electrons and ions 
accelerate in opposite directions (i.e., towards the anode 
and towards the substrate), respectively. The bombardment 
of the substrate by accelerated high energy ions of argon 
and oxygen, results in a significant and rapid increase in 
the substrate temperature and modifying the surface 
without damaging the substrate. Furthermore, the 
bombardment of the high purity vanadium target mounted 
in central hollow anode by accelerated relativistic 
electrons (which moves towards anode tip) ablate the solid 
vanadium anode tip resulting in the formation of vanadium 
plasma which react chemically with the reactive oxygen 
ions of the filling gas species to form V2O5 and then 
deposit on substrate [22]. 

Phase composition of deposited thin films are 
investigated using a Philips diffractometer (Xpert pw3373) 
with CuK radiation source and by Raman scattering 
using the JASCO NRS-4100 spectrometer equipped with a 
laser emitting a wavelength of 457 nm, as an excitation 
source. Morphological properties of deposited samples are 
studied by scanning electron microscopy (SEM, Hitachi S-
4160) and atomic force microscopy (AFM, Auto Probe Pc; 
in contact mode, with low stress silicon nitride tip of less 
than 200 Å radius and tip opening of 18o) analysis. The 
thickness of deposited V2O5 thin films is investigated 
using surface profiler with the accuracy of 10 nm (Dektak 
3030, Veeco Instruments Inc.) and also cross-sectional 
SEM images. 
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3. Results and discussion 
 
Fig. 3 shows the XRD patterns of V2O5 thin films 

deposited onto glass substrates at room temperature using 
different number of shots, at 10 cm axial position from the 
anode tip and 0o angular position with respect to anode 
axis. These XRD patterns indicate the successful 
development of V2O5 polycrystalline structures on glass 
substrates for all deposited samples. From XRD patterns it 
is observable that the material crystallizes as V2O5 
orthorhombic phase (space group Pmmn) and the 
respective positions of the diffraction peaks are matched 
well with joint committee for powder diffraction standards 
(JCPDS) standard data for V2O5 powders (refer to JCPDS 
card No. #09-0387). 

 

 
 

Fig. 3. XRD patterns of the V2O5 thin films deposited 
with different number of shots 

 
XRD patterns also reveal an up-shifting in the 

positions of V2O5 diffraction peaks, from their 
corresponding stress-free data. It is known that the residual 
stresses developed in the deposited samples (tensile and 
compressive stresses) lead to the down and up-shifting in 
the diffraction peaks from their corresponding stress-free 
data, respectively. Residual stresses in deposited thin films 
can be attributed to the creation of point defects (vacancies 
by knocking off the high energy ions), pulsed thermal 
shocks due to the intense transient heating of deposited 
film by high energy ions, and also lattice distortion (strain) 
[23, 24]. The mentioned strain leads to the change in the d-
spacing and hence the displacement of diffraction peaks. 

The variation of intensities of V2O5 (2 0 0), V2O5 (0 1 
0), V2O5 (1 0 1) and V2O5 (3 1 0) diffraction peaks as a 
function of shots are shown in Fig. 4. From Fig. 4 it is 
clear that for the thin films deposited with the different 
number of shots, the peak intensity increases with more 
shots. This variation in the peak intensities can be clarified 
in terms of the characteristic features of plasma focus 
based deposition method and deposition parameters. In 
particular, in PF device irradiated high energy ions in each 
shot can lead to rapid increase in the surface temperature 
which this phenomenon leads to the development of 
crystallinity. 

The average crystallite sizes (D) of V2O5 thin films 
were calculated using the Scherrer formula [25]: 

D = (0.9) / (B cos)                                    (1) 

where  is the X-ray wavelength, B is the full width at 
half maximum (FWHM) of the diffraction peak and θ is 
the maximum of the Bragg's diffraction angle (in radians). 

For the V2O5 thin films deposited with 10, 20 and 30 
shots, the average crystallite size was estimated to be 16, 
27 and 35 nm, respectively. Based on the presented results, 
the average crystallite size enhances with the increasing of 
shots. The main reason for this phenomenon can be the 
enhanced transient and local annealing of the deposited 
surface layer with the increasing of shots. 

 

 
 

Fig. 4. The variation of intensities of different V2O5 
diffraction peaks as a function of shots 

 
The Raman spectrum for thin film deposited with 10 

shots is presented in Fig. 5. From this spectrum, it is 
observable that Raman peaks are located at 140, 284, 399, 
484, 522, 698 and 994 cm-1. All peaks revealed in this 
spectrum are related to the typical vibration of crystalline 
V2O5 [26]. The presented results are in suitable agreement 
with the literature data [26–28] (Table 2). 

 

 
 

Fig. 5. The Raman spectrum for thin film deposited with 
10 shots 
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Table 2. Comparison of the Raman modes in [cm-1] of 
V2O5 films determined in the present work with the values 

of other authors 
 

Present 
research 

J.P. Schreckenbach 
et al. (Electrochem. 

deposition) [26] 

S.H. Lee et al. 
(RF sputtering) 

[27] 

Q. Su et al. 
(DC 

magnetron) 
[28] 

141 143 142 146 
284 - 283 286 
399 405 405 404 
484 - 487 - 
522 526 530 520 
698 - 706 706 
994 983 1000 992 

 
 
In particular, 141 cm-1, 284 cm-1, 399 cm-1, 484 cm-1, 

522 cm-1 and 698 cm-1 frequencies are correspond to 
V-O-V stretching and bending modes and high frequency 
peak located at 994 cm-1 is related to the terminal oxygen 
V=O stretching which results from an unshared oxygen 
[26-30]. 

Fig. 6 shows the SEM images of thin films deposited 
using different number of shots. The SEM micrograph of 
sample deposited by 10 shots exhibits granular surface and 
homogeneous distribution of grains on the surface of thin 
film (see Fig. 6(a)). Thenceforth, by increasing the number 
of shots (20 and 30 shots), the nucleated structures on a 
nanometer scale are developed (see Fig. 6 (b) and (c)). The 
growth of nanostructures can be due to more energy being 
transferred to the sample by increasing of shots, leading to 
a higher mobility of nanoparticles and hence resulting in 
the larger sized agglomerates. 

 

 
 

Fig. 6. SEM images of V2O5 thin films deposited by 
different number of shots: (a) 10 shots (b) 20 shots (c) 30 

shots and (d) cross-sectional SEM view of thin film 
deposited by 10 shots 

 
Table 3 presents the average thickness of the V2O5 

thin films estimated by a surface profiler with the accuracy 
of 10 nm (Dektak 3030, Veeco instruments Inc.). The 
results presented in table 3 indicate that thickness of the 

deposited thin films enhances with increasing the number 
of shots from 10 to 30 shots. This correlation is in strong 
agreement with the results obtained from XRD analysis. 
Fig. 6d illustrates the typical cross-sectional SEM image 
of thin film deposited using 10 shots, demonstrating great 
consistency between the thickness of V2O5 thin film 
deposited with 10 shots and that obtained from the surface 
profiler. 

We investigated the surface morphology of the 
deposited thin films using AFM analysis. Fig. 7 presents 
the 2D and 3D images of surface topography of the V2O5 
thin films deposited with different number of shots. In this 
analysis, all the images were obtained with a scanning area 
of 3 m × 3 m. The AFM images illustrate that the 
grains/clusters grow on the surface of deposited samples 
with more shots. The increasing of size of grains/clusters 
with the enhancement of shots can be explained by the 
increased transient and local annealing of the deposited 
surface layer. Indeed, with increasing of the energetic ions 
irradiation, more energy is transferred to the film surface, 
leading to greater mobility of nanoparticles, hence 
resulting in bigger sized grains/clusters. This scrutiny also 
reveals the crucial role of the total energy deposited by 
energetic ions on surface morphological properties of the 
thin film. 

 

 
 

Fig. 7. AFM micrographs of the V2O5 thin films deposited 
with (a) 10 shots (b) 20 shots and (c) 30 shots 
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Fig. 8 presents the histograms of grain sizes on the 
surface of the V2O5 thin films deposited with different 
numbers of shots. The results indicate that for samples 
deposited with more shots, the distributions of the grains 
on the sample surfaces become more heterogeneous. The 
patterns given in Fig. 8 also illustrate a rise in the size of 
most of the grains with increasing the number of shots 
from 10 to 30 shots. This growth in the size of most of the 
grains can be attributed to the increase in the strength of 
the annealed deposited thin film with increasing of shots. 

 

 
 

Fig. 8. Histograms of distribution of size of grains 
on the surface of the V2O5 thin films deposited with 

(a) 10 shots (b) 20 shots and (c) 30 shots 
 
In order to further investigation of histograms of grain 

sizes, we fitted the Gaussian curves to the histograms. The 
full width at half maximum (FWHM) of fitting Gaussian 

curves to the histograms are listed in table 3. The results 
presented in Table 3 reveal smaller FWHM values 
(narrower distributions with sharper peaks) with fewer 
shots. Therefore, the grains are more homogeneously 
distributed on the surface of the thin films deposited with 
fewer shots. 

 
Table 3. The average thickness of V2O5 deposited thin 
films and FWHM of the Gaussian curves fitted on the 

histograms of distribution of grain sizes 
 

Number of 
Shots 

average thickness 
(nm) 

FWHM 
(nm) 

10 140 8 
20 260 11 
30 370 19 

 
Larger active surface is an important factor in 

fabrication of many devices such as light and gas sensors. 
The active surface is proportional to surface roughness 
parameters such as roughness exponent, correlation length, 
and standard deviation [31]. In this study, to investigate 
and compare the surface roughness of the deposited 
samples, we measured the roughness of three random 
areas over the surface of the deposited film and recorded 
the average and root mean square (rms) values of the 
roughness measurements. The rationale behind this is that, 
in plasma focus the ions are radiated in a fountain-like 
structure, and their energy and flux varies with their angle 
relative to the anode axis [32]. Thus, different areas of the 
film surface are expected to have different roughness. This 
variety is taken into consideration by picking random areas 
and computing the average and rms of their roughness. 
The measured average and rms roughness values for 
samples deposited with different number of shots are 
shown in Fig. 9. 

 

 
 

Fig. 9. The variations of the RMS and average roughness 
of the V2O5 thin films as a function of shots 

 
The results presented in Fig. 9 show an increase in the 

surface roughness when the number of shots is enhanced 
from 10 to 20 and then 30 shots. This increase was 
predictable because the larger number of shots leads to the 
bombardment of sample surfaces with higher energy ions, 
and as a result the deposited coating becomes coarser. In 
addition, as previously mentioned, with increasing the 
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shots, the size of the surface grains becomes larger, and 
therefore roughness of the deposited thin films increases. 

 
 
4. Conclusions 
 
This study presents an effective procedure to plasma-

based nanofabrication, via energetic ions emitted after 
collapse of plasma column during the radial collapse phase 
of plasma focus discharge. A systematic research has been 
carried out to investigate the effect of the different number 
of shots (10, 20 and 30 shots) in the PF treatment, on the 
growth behavior of V2O5 phase on the glass substrate. 

XRD spectra indicated that the degree of crystallinity 
and the average grain size of the V2O5 thin films enhance 
with increasing the number of shots. The results obtained 
from Raman scattering analysis revealed the formation of 
the V2O5 thin films which was in suitable agreement with 
the XRD results. From AFM results a significant rise was 
observed for the sizes of the nanostructures and the size of 
most of the grains formed on the surface of the deposited 
samples. Moreover, both average and rms surface 
roughness of the thin films enhanced as they were exposed 
to more shots. The results presented in this work indicate 
that using a plasma focus device can be the method of 
choice with many potential applications in preparation of 
thin oxide layers. 

In this research, we focused on investigating the 
variations of different properties with the number of shots 
only, and in all experiments, the film was positioned in a 
constant distance (10 cm) from the anode tip and 0o 
angular position with respect to anode axis. In a possible 
extension of this experiment, the effect of the distance of 
the substrate from the anode tip (with the same number of 
shots) can be scrutinized. Another extension for future 
research is to investigate thin films deposited at different 
angular positions with respect to anode axis. 
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