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The results of the surface morphology studies as well as optical and electrical properties of nano-dimensional vanadium 
oxide composite structures deposited on various substrates- silica, glass substrates covered by conducting layer of SnO2, 
pure pyroceramics plates and the same covered by Al2O3, SiO2, Ta2O5 layers are presented. According to Raman 

spectroscopy results the thin film structure obtained on quartz corresponds to the -V2O5 orthorhombic phase. In contrast 
with this the Raman spectra of V2O5 films obtained on pyroceramics substrates, passivated by Al2O3, Ta2O5, SiO2 oxides, 
do not appear clearly marked narrow lines which indicate their amorphous character. The investigation of the optical 
properties of the fabricated layers in the spectral range of 200-1000 nm had revealed the presence of both allowed direct 
and indirect electron transitions. In the frequency range of 10

3
-10

7
 Hz the real Z' and imaginary Z'' part of the total 

impedance of pyroceramics/Al2O3/Al/V2O5/Al structure were studied. The applied direct bias leads to a considerable Z', as 
well as Z'' decrease. The analysis of the obtained dependencies is carried out by using the method of equivalent circuits. 
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1. Introduction 
 

Recently, one can observe a growing interest in the 

study of nanocomposite structures properties and methods 

for their preparation. The nanodimensional structures of 

vanadium oxide are particularly promising because some 

oxides are metals, others are in a stable semiconducting 

state, the third have the semiconductor-metal phase 

transition (SMPT) [1]. V2O3 is the most studied oxide with 

SMPT at T = 168 K; VO2 with SMPT at T = 340 K; V2O5 

has a stable semiconducting state. 

Vanadium pentoxide V2O5 is widely studied because 

of its interesting electrochemical properties. It can be used 

as the catalyst [2], as the cathode in high efficiency lithium 

batteries [3], as a window for solar cells [4] and in 

electrochromic instruments [5], it may also be used for 

electronic and optical switches with low values of 

response times [6]. The results of V2O5 amorphous films 

studies are brought in [7]; but even the structure of freshly 

prepared amorphous films of V2O5 has not been studied, 

partly due to the difficulties related to conventional 

diffraction methods. 

Many different methods of nanocomposite materials 

fabrication were reported. Along with a variety of vacuum 

and none vacuum methods of oxide layers obtaining a 

considerable interest presents the annealing in the 

oxygenated atmosphere of metal films, including 

vanadium [8] obtained by magnetron sputtering in a 

mixture of argon gas and oxygen by a procedure 

characterized by simplicity and high technological 

flexibility that provides ample opportunities for study of 

metal-oxygen interaction. 

The nanodimensional composite structures created by 

the oxidation of vanadium films fabricated by vacuum 

deposition were studied in the given paper and some 

optical properties of the layers, the electrical properties 

were also investigated by impedance spectroscopy. 

 

 

2. Experiment 
 

For fabrication of nanodimensional vanadium oxide 

based composite structures the principles of self-

organization and self-consistency was used. As it is noted 

in [9, 10], self-organized structures originate in open 

systems exposed to external inflow of matter having 

sufficient  impact power for to ensure the system transition 

to the state away from equilibrium. These processes are 

initiated by thermal diffusion. 

If we consider that V2O5 oxide is formed by 

accumulating of finely fractioned metal (vanadium) in an 

oxygen stream, and all derivatives of the lowest vanadium 

valences are easily transformed into V2O5 already at 

atmospheric oxygen exposure and temperature [2], then 

the oxidation of the fine vanadium layer will be formed 

around its atoms or conglomerates at the beginning of the 

V2O5 film plus all derivatives of lower vanadium valence 

oxides. The further annealing in air creates stable in time 

with a smooth surface nanostructure based on vanadium 

and its oxides. Nanodimensional films of 60-120 nm thick 
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vanadium pentoxide obtained by the method described in 

[11] were investigated in this study. 

The pyroceramic plates, silica plates and glass plates 

covered by SnO2 conductive layer, obtained by 

electrochemical deposition were used as substrates. To 

reduce the influence of the surface discontinuities of 

pyroceramics the 0.8µ 1.0 µm thick Al2O3, SiO2, Ta2O5 

oxide film was deposited by electron-beam evaporation on 

its mirror surface. 

The morphology of samples surface were studied 

using a VEGA TESCAN TS 5130 MM scanning electron 

microscope (SEM) and atomic force microscope AFM 

(SIS – scancontrol C). The Raman scattering was 

investigated at room temperature with a MonoVista CRS 

Confocal Laser Raman System in the backscattering 

geometry under the excitation by a MSL-III 532 nm (2.331 

eV) DPSS laser. The spectra of optical reflection and 

transmission were measured on MDR-2 and Jasco-670 

spectrometers at 300 K in spectral range of 200-1000 nm.  

Impedance spectra were studied by using the 

Semiconductor Characterization System Keithley Model 

4200-SCS with the amplitude of the ac signal of 10 mV in 

a frequency range 10
3
10

7
 Hz for different values of the 

dc bias voltages Udc= -1.01.0 V with a step up to 0.1 V at 

room temperature. 

 

 

3. Surface morphology 
 

The nanodimensional structures on the basis of 

vanadium and its oxides were obtained on the surface of 

the pyroceramics substrate. The maximum free of 

impurities and structural imperfections and irregularities 

surface are required in nanotechnology. As studies have 

shown the glass-ceramic surface consists of sharp 

pyramidal needles of 5060 nm height (Fig. 1), which is 

comparable to the expected thickness of the 

nanocomposite film. 

 

 
 

Fig.1. Three dimensional AFM images of the pyroceramics 

surface 

 

 

When deposited to such a surface, the vanadium 

pentoxide is precipitated in the valleys between the peaks 

and forms a inhomogeneous layer across the surface. This 

fact leads to the formation of granular films (Fig. 2). The 

surface of the nanocomposite deposited on the 

pyroceramic substrate passivated by SiO2 is shown in            

Fig. 3. There is a radical change in the morphology of the 

film surface - the surface becomes more uniform.  

 

 

  
 

Fig. 2. SEM image of the V2O5 thin layer surface deposited  

on the initial surface of pyroceramics 

 

 

 
 

Fig. 3. SEM image of the V2O5 thin layer surface 

deposited  on the pyroceramics substrate surface covered  

by SiO2 layer 

  

 

4. Raman Spectra 
 

The Raman spectrum for the nanocomposite 

vanadium oxide (d150 nm) film deposited on silica 

substrate is shown in Fig. 4. 
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Fig.4. Raman scattering spectra of V2O5 based  

nanocomposite film 

 
The positions of the Raman lines maxima obtained 

from Fig. 4 and compared with the data for V2O5 

crystalline films from [12-14] are shown in Table 1. 

The presence of distinct Raman scattering peaks 
indicates a high structural perfection of the resulting films, 
which may be polycrystalline ones with large crystallites. 
The Raman spectra of V2O5 films obtained on 
pyroceramics substrates passivated by Al2O3, Ta2O5, SiO2 
oxide and on glass substrates covered with SnO2 layer, 
measured at room temperature are shown in Fig. 5. In the 
spectrum of the vanadium pentoxide film deposited on the 
passivation layer of tin oxide a Raman line characteristic 
for crystalline V2O5 is observed. Beside the line 
corresponding to VO2 is observed in the spectra, the 
positions of their maxima are close to the known from the 
literature data [15]. These results allow to suppose, that 
during vanadium pentoxide formation the vanadium 
oxides of lower valence are formed, which do not appear 
in the Raman spectra due to their low concentration. It 
should be noted that the position of the maxima of some 
lines of these materials are identical or similar, what make 
them difficult to unambiguous interpretation. 

 
Table 1. Raman shift of vanadium pentoxide 

 

Nr. Data from Fig,1. cm
-1 

Data from the paper of S.-H. Lee et. al. [12], см
-1

 Mode type 
[12-14] 

1 150 142 layer vibration 

2 205 194 layer vibration 

3 288 283 V=O bending mode 

4 307 303 V3–O bending mode 

5 408 405 V=O bending mode 

6 482 487 V–O–V bending mode 

7 529 530 V3–O stretching mode 

8 705 706 V2–O stretching mode 

9 995 1000 V=O stretching mode 
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Fig. 5. Raman spectra of V2O5 films obtained on 

pyroceramics substrates passivated by Al2O3, Ta2O5, 

SiO2 layer oxide and on glass with SnO2 layer 

 

On the Raman spectra of V2O5 films obtained on 

pyroceramics substrates passivated by Al2O3, Ta2O5, SiO2 

oxide do not appear clearly marked narrow lines (Fig. 5) 

which indicate their amorphous character. 

Since the film obtained due to the particles self-

organization during deposition process  and heat 

treatments are locally inhomogeneous, and their thickness 

is about 60-120 nm, the  Raman measurements are very 

difficult, and measurement of the polarization 

dependencies is impossible due to the varying orientation 

of the crystallites constituting the film. Another 

explanation could be the fact that we register the scattering 

of light in the layer of passivating oxide. Since the film of 

vanadium oxide is very thin the scattered light from the 

passivating layer is greater than the signal from the Raman 

scattering in vanadium oxide. 

 

 

5. Optical properties 
 
The absorption coefficient α has been determined 

from the expression: 
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where d60 nm is the film thickness determined from the 

AFM data. T – the film transmittance, R - the film 

reflectance and α - absorption coefficient. The absorption 

spectrum, calculated by the formula (1), for a vanadium 

pentoxide V2O5 thin film deposited on a silica substrate 

and annealed at a temperature of 300C during 1hr is 

shown in Fig. 6. 

Good linearization of the experimental data was found 

at the spectrum presentation in the      f
2

 
coordinates. The energy of direct allowed electron 

transition, determined from      f
2

 dependence 

(Fig.6) equals to 2.748 eV. From the absorption spectrum 

presented in      f
2/1

 coordinates (Fig. 7) the 

energy of indirect electron transitions, involving a phonon 

with energy Eph = 94.5 meV (762 cm
-1

)was determined, 

which equals to Eind = 2.426 eV. The phonon wave 

number value ph = 762 cm
-1

 is comparable with ph = 705 

cm
-1

 determined from the Raman spectra and related to the 

V2-O stretching mode (Fig. 4, Table 1). 
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Fig. 6. The absorption spectrum of V2O5 thin film drawn in 

     f
2

 coordinates 
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Fig.7. The absorption spectrum of V2O5 thin film drawn 

in      f
21

 coordinates 

 

  

6. Electrical proprieties 
 

The real and imaginary parts of the impedance 

dependence on applied voltage of the 

pyroceramics/Al2O3/Al/V2O5/Al structure are given in 

(Fig. 8). As one can see from Fig.8 the increase of the 

applied to the studied structure voltage leads to a 

significant decrease in the Z '', and Z ' values and to Z' 

'maxima displacement to a high frequency region. At the 

same time these changes do not depend on the sign of the 

applied voltage. 

 

 

 
Fig. 8. Real (A) and imaginary (B) parts of the 

impedance measured at different applied voltages 

(circles) and theoretical curve (solid curve) 

 

 

These dependencies allow to define an equivalent 

circuit for the studied structure. The best agreement 

between theory and experiment is obtained, when a 

equivalent circuit of the of RpCp parallel circuit and Rs 

resistor connected thereto in series, is used (Fig. 9). 

 

 
Fig. 9. The substitution equivalent circuit of 

pyroceramics/Al2O3/Al/V2O5/Al structure 
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The above said shows that the studied structure 

contains both conductive and dielectric (semiconductor) 

phase. We assume that the obtained films are composed of 

a vanadium metal grains coated by V2O5, which form large 

crystallites (Fig. 10.1), which in our opinion are of 

semiconducting (dielectric) phase. Between the grains the 

layers of a different chemical composition are created, 

which consists probably, from unreacted vanadium and 

lower order oxides and form a conductive phase                

(Fig. 10. 2). 

According to the vanadium pentoxide film structure 

shown in Fig. 10 and its equivalent circuit (Fig. 9), resistor 

Rs corresponds to the resistance of the conductive phase 

(Fig. 10, 2). Resistor Rp takes into account the dielectric 

matrix resistance and is shunted by capacitor Cp, that 

corresponds to the geometrical capacitance of V2O5 grains 

and therefore practically is independent of the applied 

voltage (Fig. 11, C) [16]. 

 

 
 

Fig. 10. The vanadium pentoxide film structure consists 

of a semiconductor phase (1) and the conductive phase (2) 

 

 

However, it is necessary to notice that if the 

conductivity types of the interlayers and grain are 

different, than on the borders p-n junctions are localized, 

and this can be both homo- and heterojunctions. At the 

same type of the majority charge carriers the isotype 

heterojunctions or Schottky barriers can be formed. When 

applying an external bias voltage a part of these barriers is 

connected in the forward direction and the other in reverse. 

The influence of constant external field is due to the 

breakdown of a part of the barrier layers. The effect is 

more pronounced at low frequencies, since in this case a 

high resistance layers are formed in an alternating field. 

The breakdown of these layers leads to a significant 

decrease in resistance. 

The resistance of barrier layers formed under the 

influence of the alternating field decreases with frequency 

increase, the depth of their depletion decreases. 

Accordingly, the contribution of barrier layers decreases, 

and the field in the sample is uniformly distributed over 

[17]. However, the grain boundaries influence effects, are 

dominant in the low-frequency range (1-1000 Hz), and the 

influence of crystallite is dominant in high frequency 

region. Therefore, in this case, at low bias voltages the 

influence of grain boundaries was not revealed and the 

main contribution into the impedance is brought by 

crystallites. The contribution of the effects associated with 

the influence of the boundaries begins to reveal and one 

can observe the shift of the Z'' and Z' spectral dependences 

in the high-frequency region and available for measuring 

low-frequency region with the increase of the applied 

voltage (Fig. 8).  

Experimental data of impedance real and imaginary 

parts frequency dependences at different voltage bias and 

theoretical curves are given in Fig.8. The calculation was 

performed in accordance with the equivalent circuit               

(Fig. 9) according to the formulas (2-3): 
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As one can see from the graphs (Fig. 8) the 

experimental data and theoretical curves drawn according 

to formulas (2, 3) are in good agreement. 
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Fig.11. The values of equivalent circuit elements in  

dependence of the applied voltage 
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If to consider the voltage dependence of Rp resistance 

in the parallel RC circuit, it decreases with voltage 

increase irrespective of the sign of the applied voltage 

(Fig. 11 A). The series resistance Rs is changes randomly 

with voltage increase and is hard to identify a certain 

regularity in this case (Figure 11, B). Cp capacity is 

changes slightly with voltage increase and it can be 

considered independent on the voltage. 

 

 

7. Conclusions 
 

The choice of oxidation method of vanadium layer 

produced by thermal spraying, for obtaining of V2O5 oxide 

film results in the formation of a nanoscale composite 

structure, wherein the matrix consists of V2O5 crystals 

coarse-separated by mixtures of low-valence vanadium 

oxide (the dispersed phase). 

According to Raman spectroscopy results the thin film 

structure obtained on quartz corresponds to the -V2O5 

orthorhombic phase. 

Analysis of the optical properties of vanadium 

pentoxide thin films allowed to reveal energies of the 

electron transitions: Еind=2.426 eV for the indirect 

transition , with the participation of phonons with energy 

of Eph = 94.5 meV (ph = 762 cm
-1

) and Edir = 2.748 eV for 

the allowed direct transition. 

According to impedance spectroscopy there were 

established the structural features of the vanadium 

pentoxide film, which allowed to determine its equivalent 

circuit diagram in which resistor Rs corresponds to the 

resistance of the conductive phase, resistor Rp is related to 

the resistance of dielectric matrix, and Cp capacitance 

corresponds to the geometrical capacitance of V2O5 grains. 

The dependence of these parameters on the bias voltage 

was determined. 
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