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Abstract 
Vanadium oxide thin films were fabricated by pulsed laser deposition (PLD). The crystal structure and 
symmetry of the deposited films was studied with X-ray diffraction (XRD) and Raman spectroscopy, 
respectively. The surface morphology was studied with atomic force microscope (AFM).  The thin films 
consisted mostly of V2O5 phase of vanadium oxides, but also of another phase, which is generally 
found in form of nanotubes. The measured optical transmission spectra of the films also supported the 
existence of different phases. The electrical resistivity of the films as a function of temperature 
behaved like in a typical semiconductor. The gas sensing properties of the films were characterized for 
different NO concentrations. The results showed a response to NO, which varied from oxidative to 
reducing according to the film composition.     
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Introduction 
The concern about pollution increases around 
the globe causing the regulations towards 
different types emissions to get tighter by time. 
This also relates to atmospheric gas emissions. 
Novel gas sensor structures and materials are 
needed to meet these new demands and they 
are studied widely in the scientific community. 

Solid state semiconducting gas sensors are one 
of the most popular research topics in the gas 
sensing science. They are typically based on 
metal oxides (SnO2, TiO2, WO3, etc.). 
Vanadium oxides are also considered as one 
candidate for   new type of gas sensors. 
Different vanadium pentoxide (V2O5) structures 
have shown sensitivity towards NH3 [1, 2]. 
Vanadium dioxide (VO2) nanowires have been 
investigated as a possible H2 sensor by taking 
advantage of the metal-insulator transition 
phenomena of the material [3]. In this study, we 
examine the possibility to use pulsed laser 
deposited polycrystalline vanadium oxide thin 
films as NO sensors.           

Experimental 
Lambda Physik Compex 201 excimer laser 
operating at a wavelength of 308 nm was used 
to deposit vanadium oxide thin films on 1x1 cm 
c-cut Al2O3 substrates. The pulse repetition rate 

was 5 Hz. The target used was a pure ceramic 
V2O5 target and the laser pulse energy 
densities were I = 2.55 J/cm2 and I = 1,275 
J/cm2. The in-situ substrate temperatures were 
T = 400 °C and T = 500 °C. The deposition 
chamber was first pumped to a base pressure 
of ~5x10-5 mbar and then oxygen partial 
pressure (p(O2)) of 1x10-2 mbar or 1.5x10-2 
mbar was added in the chamber. One of the 
samples was post annealed in an oven at 400 
°C for 1h.  

Crystal structure of the films was studied using 
Philips PW1380 θ - 2θ X-ray diffraction (XRD), 
and HORIBA Jobin Yvon LabRAM HR800 
argon-ion laser with a wavelength of 488 nm 
was used to measure the Raman spectra. The 
surface morphology was studied using Veeco 
Dimension 3100 atomic force microscope 
(AFM). Optical transmission spectra of the films 
were measured between wavelengths of 250-
2250 nm by using Varian 5000 UV–vis-NIR 
spectrophotometer. 

Photolithography processes and rf-sputtering 
was used to manufacture 300 nm thick platinum 
interdigital electrodes (IDE) on the thin films. 
The electrical resistivity as a function of 
temperature, and the NO response was 
measured using a probe station together with 
Linkam THMSE600 heating stage connected to 
Keithley 2636A sourcemeter and to Agilent 
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3458A multimeter. A gas blender was used to 
mix the NO gas with a background gas of 
synthetic air. The gas measurement system 
was controlled through LabVIEW software.           

Results 
The pulsed laser deposition parameters of three 
different vanadium oxide thin film compositions 
are shown in Table 1. The film A was first 
amorphous according to XRD data, but it was 
then post annealed in an oven at 400 °C for 1h. 
Tab. 1: The deposition conditions of different pulsed 
laser deposited vanadium oxide thin films 

Thin 
film 

Substrate 
temperature 

T / °C 

Oxygen 
partial 

pressure 
p(O2)/ 
mbar 

Laser 
pulse 

energy 
density I/ 

J/cm2 

A) 400 1.0x10-2 1.275 

B) 400 1.5x10-2 2.55 

C) 500 1.5x10-2 2.55 

 

In Fig. 1., the Raman spectra of the deposited 
films are presented. According to the data, the 
post annealed film A) had a phase co-existence 
of a major V2O5 phase and another phase. In 
films B) and C) the presence of the other 
phase, identified as a structure found in VOx–
NT nanotubes [4, 5], was clearly stronger. 
These nanotubes are usually fabricated with a 
chemical process and they are formed as rolls 
with layered walls. Probably this phase in these 
films was formed as layered structure of VOx 
instead of nanotubes. In the film B) the V2O5 
phase was still dominating over the VOx-NT 
type phase, but in the film C) the V2O5 phase 
was almost gone and the VOx-NT type phase 
was dominating. 

 
Fig. 1. Raman spectra of three different types of 
vanadium oxide thin films: A) V2O5 thin film, B) the 
V2O5 phase dominating over the VOx-NT type phase 
and C) the VOx-NT phase dominating over the V2O5 

phase. The black circles represent the Raman 
modes typical to the VOx-NT type phase. The other 
peaks arise from the V2O5 phase.  

The X-ray diffraction curves of three different 
types of vanadium oxide thin films are shown 
on Fig.2. The results show that films A) and B) 
were polycrystalline V2O5 thin films with a 
strong (001) orientation, but in film C) the phase 
was almost gone. 

 
Fig. 2. X-ray diffraction graphs of the three different 
types of vanadium oxide thin films. 

The AFM images of the three films can be seen 
in Fig. 3. They all showed a polycrystalline 
surface morphology, and in film B) the largest 
variation in the surface height was obtained. 
Also some droplets from the PLD process were 
noticed on the surfaces.   

 
Fig. 3. Atomic force microscopy images of the thin 
films: A) a polycrystalline V2O5 thin film, B) the V2O5 
phase dominating over the VOx-NT type phase and 
C) the VOx-NT type phase dominating over the V2O5 
phase. 
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The optical transmittance spectra of the three 
films are shown in Fig. 4. Film A) showed a 
typical spectrum of a V2O5 phase. In film B) the 
VOx-NT type phase clearly transformed the 
transmittance value to smaller percentage at 
lower wavelengths. When the VOx-NT phase 
was dominant in film C), the transmittance 
value dropped to the same direction even more. 

Fig. 4. The transmittance spectra of the different 
vanadium oxide thin films: A) a polycrystalline V2O5 
thin film, B) V2O5 phase dominating over VOx-NT 
type phase and C) VOx-NT type phase dominating 
over V2O5 phase.   

In Fig. 5., the electrical resistivity as a function 
of temperature is shown. When the resistivity of 
the thin films was measured between the 
temperatures RT - 350 °C, it decreased 
exponentially in all of the films. This is a very 
typical behavior in semiconducting materials. 
The highest value of resistivity was in film B), 
where the V2O5 phase was dominating over the 
VOx-NT type phase, and the lowest value was 
measured from film C), where the VOx-NT type 
phase was dominant. Some hysteresis can also 
be seen in the figures, when the temperature 
was cycled back from 350 °C to RT. 

 
Fig. 5. The electrical resistivity as function of 
temperature for different vanadium oxide thin films: 
A) a polycrystalline V2O5 thin film, B) the V2O5 phase 
dominating over the VOx-NT type phase and C) the 
VOx-NT type phase dominating over the V2O5 phase.    

The measured electrical response of the films 
for different nitric oxide (NO) concentrations is 
presented in Fig. 6. The measurement 
temperature was 290 °C. All of the films 
showed some response to the gas injection. In 

films A) and B) the response was clear, 
although the sensitivity was quite modest. In 
film C) the response was very small and the 
background in the measurement results was 
strong. That is why the response of film C) is 
background corrected and it shows only the 
change in the measured resistivity, which is 
modest. However, an interesting phenomenon 
was noticed from the results. In the 
polycrystalline V2O5 thin film, the resistivity 
decreased every time the NO gas was injected 
to the measurement chamber. On the other 
hand, when the film had a dominating V2O5 
phase mixed with a minor VOx-NT type phase 
in film B), the resistivity increased with the 
added gas. But when VOx-NT type phase was a 
major phase in film C) the resistivity dropped 
again according to NO injection. The reaction 
between the films and the NO gas turned from 
reducing (film A)) to oxidative (film B)) and back 
(film C)).       

Conclusions 
The gas sensing properties of pulsed laser 
deposited vanadium oxide thin films were 
studied. The X-ray diffraction and Raman 
spectroscopy measurement results showed the 
co-existence of polycrystalline V2O5 phase and 
VOx-NT type phase in the films. The atomic 
force microscopy and optical transmittance 
spectrum measurements gave support for these 
conclusions. The VOx-NT type phase usually 
appears as nanotubes with layered walls. It is 
likely that these films have only the layered 
structure similar to tube walls in them, not the 
tubular structure itself.   

The electrical resistivity as a function of 
temperature decreased exponentially in all of 
the thin films and interestingly the film with the 
dominating VOx-NT type phase had the lowest 
value of resistivity and the film with co-
existence of major V2O5 phase and minor VOx-
NT type phase had the highest value.  

Response to NO was measured from all the 
thin films and the reaction between the sample 
and gas changed from reducing to oxidative 
according to film composition. Films with 
dominant phases of V2O5 and VOx-NT had a 
reducing reaction. Commonly, V2O5 material is 
considered an n-type semiconductor and the 
reaction with NO can be either oxidative, 
through addition of oxygen to the surface and 
formation of nitrogen which desorbs. But NO 
may also be oxidized by surface oxygen to NO2, 
that is NO then acts as a reducing gas. This 
study shows that the mixed phase of minor 
VOx-NT and a major V2O5 provided enhanced 
gas sensing capability of the vanadium oxide 
thin films.   
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Fig. 6 The electrical response of the vanadium oxide thin films for different NO concentrations: A) a 
polycrystalline V2O5 thin film, B) the V2O5 phase dominating over the VOx-NT type phase and C) the VOx-NT type 
phase dominating over the V2O5 phase. The background gas was 20% O2 in N2 and the measurement 
temperature was 290 °C. 
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