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Abstract: In this work, a complex examination of vanadium oxide thin films prepared by gas impulse
magnetron sputtering with various Ar:O2 gas ratios of 2:1 ÷ 8:1 was conducted. X-ray diffraction
revealed the amorphous nature of the prepared thin films, and scanning electron microscopy images
showed that the thin films were crack-free and homogenous. Optical properties investigations
revealed that a higher oxygen content in the Ar:O2 atmosphere during sputtering caused an increase
in transparency. The sample prepared with the highest amount of oxygen in the gas mixture during
deposition had 51.1% of the average transmission in the visible wavelength range. A decrease in
oxygen caused deterioration in the thin film transparency with the lowest value equal to 21.8%.
Electrical measurements showed that the prepared thin films had a semiconducting character with
either electron or hole conduction type, depending on the sputtering gas composition. A small amount
of oxygen in the gas mixture resulted in the deposition of p-type thin films, whereas an increase in
the amount of oxygen caused a change to n-type electrical conduction. Resistivity decreased with
increasing Ar:O2 ratio. The gas sensing response toward diluted hydrogen was investigated for
all the VxOy thin films, but at low operating temperatures, only the p-type thin films exhibited a
visible response.

Keywords: vanadium oxide; magnetron sputtering; optical properties; electrical properties; p-type
thin film; hydrogen gas sensing; hardness

1. Introduction

For many years, researchers have been searching for chemical compounds with good
electrical properties as well as transparency in the visible wavelength range. It seems that
some selected metal oxides such as VxOy, WOx, InxOy, CoxOy or TixOy [1–3] are able to
meet such requirements. Vanadium can occur in numerous oxidation states, e.g., V5+, V4+

or V3+ which is advantageous for the preparation of thin films with different electrical and
chemical properties for different applications [4]. Vanadium (di)oxide (VO2) is known for
its semiconductor-to-metal transition behaviour, which occurs at a specific temperature.
Below 68 ◦C VO2 is monoclinic, while above this temperature its structure changes to
tetragonal rutile [5]. This structure transformation is fully reversible and is matched by a
change in the optical and electrical properties of VO2. Such behaviour makes VO2 suitable,
for example, for thermochromic applications [6,7]. V2O5 and V2O3 also exhibit a similar
transition that occurs at temperatures of 250 ◦C and −120 ◦C, respectively [8]. Vanadium
pentoxide (V2O5) is an n-type semiconductor with an optical band gap of 2.3 eV [9] and
good thermal and chemical stability. It is used as a catalyst for chemical reactions [10].
Vanadia also has a potential application in chemoresistive gas sensors with oxidizing gases
such as O2 [11] or NOx [12] or with reducing gases such as ethanol [13] or ammonia [14].
The low resistivity and high temperature coefficient of resistance (TCR) suggest potential
applications in the construction of microbolometers [15]. Other possible applications of
vanadium oxides are in smart windows [16], optical switches [17], infrared sensors [18] or
flexible electronic devices [19].
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To date, many methods have been used to prepare vanadium oxide thin films, for
example sol-gel, evaporation, molecular beam epitaxy, or sputtering [18]. Magnetron
sputtering seems to be one of the most interesting technologies because of the possibility
to produce large area thin films with repeatable properties. The deposition process may
be conducted at a low substrate temperature. The control of process parameters such as
pressure or gas flow ratio allows us to obtain a high deposition rate and thin films with
predictable properties [15]. It should be noted that in comparison with other deposition
methods, magnetron sputtering has many advantages, e.g., very good adhesion to the
substrate [20].

In recent years, there have been various reports regarding the properties of vanadium
oxide thin films. Researchers have mainly focused on one form of oxide or methods of
deposition other than magnetron sputtering. For example, Juan et al. [21] studied the
thermochromic properties of vanadium dioxide (VO2) deposited by high-power impulse
magnetron sputtering. The deposition process was carried out using various reactive and
working gas ratios ranging from 10:1 to 100:1 for Ar:O2. It should be noted that as-deposited
thin films were further annealed at 500 ◦C for 3 min which resulted in formation of the
crystalline structure. The addition of a TiO2 buffer layer between VO2 and the substrate
caused an increase in crystallinity and a higher transparency of thin films. The authors
showed that with the decrease in the Ar:O2 ratio, the crystal phase changed from V2O3
to VO2 and finally to V2O5. Furthermore, TEM investigations showed that as-deposited
thin films became amorphous with lower Ar:O2 gas ratios [21]. In turn, Bukhari et al. [22]
compared the influence of various oxygen flow rates during the deposition of VO2 using
a pulsed laser deposition technique on resistivity and transition temperature. Seven sets
of thin films were deposited using various oxygen flow rates ranging from 0.5 to 90 sccm
while maintaining a constant background pressure. The authors showed that at low oxygen
flow rates, i.e., 0.5 sccm and 1 sccm, very small crystalline islands were created on the
substrate, whereas an increase in the flow rate caused an increase in the crystallites size
because of the better surface diffusion. In this case, the flow rate influenced the surface
roughness parameters. Vanadium oxide thin films deposited with higher oxygen content
showed two orders of change in resistance as a function of temperature. It was discussed
that the grain size affects the nucleation effects, which in turn leads to a change in the
transition temperature and can be observed in electrical measurements [22]. Furthermore,
Fieldhouse et al. [23] compared the electrical properties of vanadium oxide thin films
prepared by magnetron sputtering with various O2 contents in the gas mixture during
preparation (5, 7.5, 10, 15%) and different substrate temperatures. The authors observed
a correlation between the electrical properties of the sputtered VxOy samples and the
deposition conditions. The thin films deposited at higher O2 content were shown to
be amorphous. The resistivity of the samples increased with increasing partial oxygen
pressure during the preparation process from 0.02 to 100 Ωcm. Moreover, higher resistivity
caused an increase in the activation energy values calculated from the Arrhenius equation.
Those values ranged from 0.04 to 0.24 eV, and this behaviour was correlated with the
electrical charge transport energy. The prepared vanadium oxides exhibited the Meyer–
Neldel rule of charge transport mechanism: invert or conventional depending on the
O2 pressure and substrate temperature during magnetron sputtering [23]. In turn, Luo
et al. [24] discussed the microstructure, electrical and optical properties of as-deposited
and annealed VxOy thin films prepared by magnetron sputtering with a low O2:Ar flow
ratio. Measurements of the optical properties revealed that the as-deposited thin film had
an absorption edge at ca. 400 nm. The authors pointed out that prepared VxOy thin films
are desired as thermal sensing materials based on their high TCR value (2.0–3.1%/◦C) [24].
Jang et al. [25] discussed the influence of oxygen partial pressure on the properties of
vanadium oxide thin films deposited by magnetron sputtering with different argon to
oxygen gas mixtures and pure oxygen. The argon flow rate was constant and equal to
20 sccm while the oxygen values were 1, 3 and 5 sccm. Analysis of the X-ray diffraction
spectra showed that all the deposited samples were amorphous, while those deposited
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with an oxygen flow rate of 3 sccm and above had a lamellar structure. The samples
prepared with a higher oxygen content exhibited gasochromic properties and are potential
candidates for hydrogen gas sensors [25]. Koussi et al. [26] examined vanadium dioxide
prepared by pulsed laser deposition and rapid thermal annealing. The authors focused on
producing a good quality thin film that exhibited the semiconductor-metal phase transition.
They produced thin films using various substrates and showed that the control of the
annealing temperature causes a change in transition temperature. The authors obtained
vanadium dioxide with a thickness of 25 nm and a transition temperature equal to 52 ◦C
on both quartz and silicon substrates, which is an achievement compared with the usual
transient temperature of 68 ◦C [26]. According to Li et al. [27], atomic layer deposition
leads to the fabrication of amorphous vanadium oxide, while the annealing of the as-
deposited samples leads to the phase transition to crystalline structures. Scanning electron
microscope images showed a smooth and uniform surface of as-deposited thin films. The
authors showed that atomic layer deposition allowed the production of vanadium oxides
with good thermochromic properties [27]. According to the literature [28], the control of
technological parameters e.g., gas partial pressure, supply power, or substrate temperature
affects morphology, stoichiometry and electrical properties. Changes in microstructure due
to various substrate temperatures or pressures in the chamber during magnetron sputtering
are widely described by the Thornton Model where the properties of Ti-doped Cu3N were
described [29]. The authors showed that maintaining the substrate at room temperature
during magnetron sputtering results in deposition of columnar oriented grain growth or
amorphous thin films, and an increase in the substrate temperature results in a crystalline
structure. This behaviour is related to the surface mobility of ad-atoms [28,29].

In this paper, seven sets of vanadium oxides were deposited by gas impulse magnetron
sputtering using different Ar:O2 ratios ranging from 2:1 to 8:1. The gas impulse magnetron
sputtering, based on the sequential injection of gas directly at the target surface, has
recently gained attention. In this process, the pressure during sputtering is reduced,
decreasing the number of collisions of ions, the energy loss of the sputtered particles
reaching the substrate and simultaneously causing the elongation of the mean free path
of the sputtered ions. Furthermore, the repeatable ignition of the glow discharge results
in a thermal disequilibrium of the plasma leading to the deposition of thin films with
different properties compared with those sputtered in a standard process. The research
conducted here clearly shows that the control of the working gas ratio during magnetron
sputtering makes it possible to obtain amorphous vanadium oxide thin films with various
optical, electrical, gas sensing, and mechanical properties, which may be optimized in
this way due to their potential application. In particular, it was shown that with suitable
changes in the sputtering atmosphere, it was possible to deposit vanadium oxide thin films
with hole or electron type of conduction that influenced its gas-sensing properties at low
operating temperatures.

2. Materials and Methods

Vanadium oxide thin films were deposited using the gas impulse magnetron sputtering
method using a high purity metallic vanadium target (99.99%). The pressure during
deposition was kept constant at ca. 5·10−3 mbar. The target-substrate distance was equal
to 160 mm. The gas was injected directly over the target area using a fast valve (Festo)
with a frequency of 10 Hz and each gas pulse lasted for 30 ms. This in turn caused
repeatable ignition of the glow discharge because the powering of the magnetron source
was electronically synchronized with each gas pulse. After each pulse, the power supply
was cut, causing a 70 ms break of the glow discharge. The frequency of the gas impulse and
the pulse width were precisely set at these values to ensure the stability of the sputtering
process and a reasonable deposition rate of the thin films. For the sputtering process,
a medium frequency power supply (165 kHz) was used with a voltage amplitude of
1.8 kV. Seven sets of vanadium oxide thin films were deposited and each set was prepared
in different Ar:O2 gas ratios ranging from 2:1 to 8:1. The duration of the sputtering
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process was adjusted to obtain thin films with a similar thickness, i.e., in the range from
310 nm to 340 nm. The thin films were deposited on various substrates, including polished
silicon, fused silica, and alumina substrates. The alumina substrates were purchased
from BVT Company (Czech Republic) and were composed of corundum ceramic base
and interdigitated structures of electrodes made of platinum-gold alloy applied on their
surface. The substrate dimensions were as follows: 25 mm in length, 7 mm in width, and
0.6 mm thickness.

The microstructure of the thin films was evaluated based on X-ray diffraction mea-
surements performed in the grazing incidence mode using the Empyrean PANalytical
X-ray diffractometer equipped with a PIXel3D detector and CuKα X-ray source with a
wavelength of 1.5406 Å. It is worth mentioning that XRD measurements were conducted in
a grazing incidence mode, which is more useful for very thin samples and is more surface
sensitive since wave penetration is limited. The measurements were carried out in the 2θ
range of 30 to 80◦ with a step of 0.05◦ and a time per step of 5 s with an incidence angle
of X-ray radiation of 3◦ relative to the sample surface. For such low incidence angles, it is
possible to measure the structural properties of very thin layers at the surface.

The surface morphology and cross-section studies were performed using the SEM/Xe-
PFIB FEI Helios scanning electron microscope equipped with an EDAX energy dispersive
spectroscopy detector, which was used for the qualitative analysis of the material composi-
tion of the thin films.

The optical properties were assessed on the basis of the light transmission spectra
measured in the wavelength range of 300–1000 nm using an Ocean Optics QE65000 spec-
trophotometer and a Mikropack DH-BAL 2000 light source. The fundamental absorption
edge and the optical energy band gap were determined for each set of thin films.

The current-voltage characteristics and Arrhenius plots were obtained using the Keith-
ley SCS4200 characterization system and a M100 Cascade Microtech probe station, and
were used to calculate the sheet resistance and resistivity of as-deposited thin films. The
temperature-dependent resistivity measurements were performed in the temperature range
of 300 K to 350 K and were used for the calculation of the activation energy.

Based on the obtained optical and electrical data, the deposited vanadium oxide thin
films were compared using the figure of merit (Q) coefficient calculated according to the
following equation:

Q =
T10

ρ
(1)

where T is the average optical transmission in the visible wavelength range, and ρ is the
resistivity at room temperature (Ωcm).

Determination of the figure of merit allows a comparison of the performance of TCO
or TOS coatings on the basis of their transparency and electrical resistance. The method of
determining the figure of merit coefficient, proposed by the authors, uses the relationship
between the average transparency in the visible wavelength range (i.e., the range from 380
to 760 nm) and the resistivity of the thin films. In this way, the figure of merit for visible
light is determined and made independent of thin film thickness by the use of resistivity.

The gas sensing properties of the as-deposited vanadium oxides were examined in a
chamber where samples were placed on a heating stage and exposed to diluted hydrogen
in argon (3.5%). The temperature of the gas sensing process was controlled by the Instec
mK1000 temperature controller, and before the measurements, the samples were stabilized
at the operating temperature for an hour. Agilent 34970A data acquisition systems were
used to determine the resistance change.

The hardness of the vanadium oxides was measured with the aid of a CSM Instruments
nanoindenter equipped with a diamond Vickers tip.
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3. Results and Discussion

The deposition rate was calculated based on thickness of the deposited thin films
and the time of the sputtering process (Figure 1). As is clearly shown, the lower the
oxygen content in the gas mixture ratios, the higher the deposition rate obtained and the
dependence of the deposition rate on the Ar:O2 ratio was almost linear. This behaviour
is caused by the higher incident energy of the Ar ions compared with the O2 ions. This,
in turn, increases the sputtering rate of the target, resulting in the deposition of thin films
with the same thickness but in a shorter time.
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Figure 1. Dependence of the deposition rate of vanadium oxides thin films on the Ar:O2 gas ratio
during magnetron sputtering.

3.1. Structure and Surface Morphology

The XRD patterns of the as-deposited thin films are shown in Figure 2. All the thin films
were amorphous, which might be related to the low temperature of the sputtering process
and long target-substrate distance; therefore, the particles reaching the substrates had low
energy not sufficient for the nucleation of a crystalline structure. Other similar results have
been presented for vanadium oxide thin films deposited by magnetron sputtering without
additional annealing, e.g., [23–25]. Moreover, in the case of tungsten oxides thin films
deposited by the same gas impulse magnetron sputtering method, the results of the XRD
measurements also showed that they were amorphous [30]. In this way, further analysis
of other properties does not depend on the microstructure of the thin films but rather on
the sputtering atmosphere during the deposition process. It is also worth mentioning that
amorphous thin films should exhibit better optical properties, e.g., transmission coefficient,
compared with those of the crystalline thin films.
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The SEM images in Figure 3 show the surface morphology of the as-deposited vana-
dium oxide thin films. Thin films deposited with Ar:O2 ratios between 8:1 and 6:1 are
smooth, uniform, crack-free and composed of very small nanograins. A further increase
in the oxygen content in the sputtering atmosphere resulted in an increase in grain size
(Figure 3d–f), but the thin films were still homogenous and crack-free. In contrast, the sam-
ple deposited with an Ar:O2 ratio of 2:1 was inhomogenous, rather rough, and composed
of grains of various sizes. The EDS spectrum measured for a vanadium oxide thin film
deposited with an Ar:O2 ratio of 4:1 is shown in Figure 3h and has peaks for vanadium and
oxygen related to the material composition of the film and for silicon, which is the substrate
material. Since the thickness of the vanadium oxide thin film is approximately 320 nm, the
silicon peak of the Kα line (at 1.74 keV) is large and visible because the penetration depth
of the EDS beam is also large. No other peaks related to the other elements were found,
indicating good purity of the deposited coatings.

3.2. Optical Properties

The optical properties of the VxOy thin films were examined on the basis of the
transmission characteristics shown in Figure 3. A higher oxygen content in Ar:O2 gas
ratios during sputtering caused an increase in the average transmission coefficient in the
visible wavelength range. The characteristics of films prepared with the Ar:O2 ratios of
2:1 and 3:1 are almost overlapped, i.e., the average transmission is c.a. 2% higher for
the sample prepared with a higher oxygen content. Moreover, these films had the same
thickness of 325 nm and were transparent. A decrease in oxygen content in the gas mixture
during sputtering caused a further decrease in the transparency of the thin films. The
dependence of the average transmission determined in the visible wavelength range on
the Ar:O2 gas ratio is presented in Figure 4. It was calculated using the integral of each
transmission characteristic in the range of 380 nm to 760 nm. The average transmission
values are almost the same for three sets of thin films prepared with the highest oxygen
content and range between 48.6% and 51.1%. The decrease in oxygen in the gas atmosphere
during the deposition process caused the decrease in average transmission to 36.2% and
39.1% for samples deposited with 6:1 and 5:1 Ar:O2, respectively. A further decrease in
the O2 content in the gas mixture during magnetron sputtering caused the decrease in
the average transmission values to 21.8% and 24.5% (Figure 4, Table 1). According to the
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literature, similar research on vanadium oxides was conducted by Castro et al. [31], who
studied VxOy thin films deposited with different oxygen partial pressure and substrate
temperature during the deposition process. They showed that thin films prepared at
room temperature with low oxygen partial pressure (from 0.5 to 1%) had a yellow to
dark green colour and were amorphous, as observed in this work. Other authors, e.g.,
Tashtoush et al. [32], compared V2O5 with different thicknesses of 320, 550 and 700 nm
and showed that thicker films had lower transmission coefficients, i.e., 73%, 58% and 45%,
respectively [32]. Ghanashyam et al. [33] focused on the vanadium oxide examination
by comparing various thicknesses and oxygen partial pressure during the magnetron
sputtering process. They found that a higher oxygen partial pressure resulted in a higher
transmission rate, and that a change of three orders caused an increase from approximately
62% to 78%. Furthermore, a higher transmission was observed once more for thinner thin
films [33]. Ramana et al. examined the influence of V2O5 grain size on the transmission
coefficient and reported values in the range of 66% to 75%, where higher grain size resulted
in lower transmission [34].
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various Ar:O2 gas ratios: (a) 2:1, (b) 3:1, (c) 4:1, (d) 5:1, (e) 6:1, (f) 7:1, (g) 8:1 and (h) an EDS spectrum
of a thin film deposited with Ar:O2 ratio of 4:1.
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Table 1. Summary of the properties of deposited vanadium oxide thin films prepared with various
Ar:O2 gas ratios during magnetron sputtering.

Ar:O2 Ratio Deposition
Rate (Å/s)

Average
Transmission

(%)
λcut-off (nm) Eg (eV)

Sheet
Resistance

(Ω/�)

Resistivity
(Ωcm) Q

8:1 2.68 21.8 371 2.01 2.99·105 9.10 2.64·10−8

7:1 2.46 24.5 386 1.91 2.06·106 6.70·101 1.17·10−8

6:1 2.01 36.2 405 1.99 3.42·106 1.11·102 3.48·10−7

5:1 1.79 39.1 447 2.00 6.23·106 2.28·102 3.64·10−7

4:1 1.42 48.5 454 2.06 6.98·106 2.16·102 3.31·10−6

3:1 1.02 49.9 466 2.07 9.44·106 3.07·102 3.12·10−6

2:1 0.87 51.1 470 2.08 7.14·107 2.04·103 5.90·10−7

The fundamental absorption edge was calculated from the transmission spectra. The
values are red-shifted with the higher O2 content in the sputtering atmosphere (Figure 5).
The values of λcut-off range between 371 and 470 nm (Table 1). Benmoussa et al. [35]
reported the fundamental absorption edge at about 600 nm, while other authors reported
values between 460 and 550 nm [36–39] for amorphous V2O5 thin films prepared using
magnetron sputtering.

Additionally, the optical band gap energy (Eg) was calculated using Tauc plots
(Figure 6) [31,40]. The values did not vary significantly and were in the range between 1.91
and 2.08 eV. According to the literature [41], various factors may affect the energy band gap
of vanadium oxide, for example, the deposition method, the thickness of the thin film or
the type of substrate [33,42–45]. Similar values of the energy band gap have been obtained
in the literature [44], where the authors studied annealed V2O5 at various temperatures.
The results ranged from 2.32 to 1.98 eV with increasing temperature. The authors pointed
out that thin films prepared at room temperature were stoichiometric, whereas at elevated
temperatures they were substoichiometric. Ramana et al. [46] concluded that an increase in
the deposition temperature causes a decrease in the optical energy band gap due to the for-
mation of oxygen ion vacancies. However, heat treatment in O2 caused an increase in band
gap energy and transmission coefficient due to the partial filling of the vacancies. Other
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authors confirmed that a higher deposition temperature causes a decrease in optical band
gap energy [43], but there are also reports that point to the opposite behaviour [47]. Other
authors [32] reported an optical band gap energy equal to 1.87 and 2.1 eV for amorphous
V2O5 with different thicknesses, which is also in agreement with the results reported here.
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3.3. Electrical Properties

The current-voltage characteristics of the selected thin films recorded in a planar
configuration using alumina substrates containing interdigitated electrodes are shown in
Figure 7. These thin films were selected due to their resistance change in relation to the
other samples, and more precisely, the Ar:O2 gas ratios for which there was a more visible
change in resistance of the films. All the graphs show the linear dependence of current
and voltage, which indicates the ohmic behaviour of prepared thin films. The slope of the
relationship changes with changes in the resistance of the thin films; i.e., it was greater for
the thin films deposited with less oxygen in the gas mixture during sputtering, meaning
that these films are less resistive.

The resistivity as a function of temperature is shown in Figure 8. The resistivity
values decrease as the temperature increases for each deposited vanadium oxide. The
highest resistivity was obtained for the sample prepared with the 2:1 Ar:O2 gas ratio during
the deposition process. The decrease in oxygen content in the sputtering atmosphere
caused a three-fold decrease in resistivity values for samples deposited with Ar:O2 of 8:1.
Similar examinations were conducted by Dong et al. [46], who compared vanadium oxides
deposited with different oxygen flow rates and duty cycles. It was shown that the resistivity
of the samples increases with an increase of the O2 flow rate. Furthermore, the authors
observed that the morphology, the deposition rate, and the electrical properties strongly
depend on the oxygen content during the deposition process [46].
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The activation energy (Ea) was calculated for each sample based on the Arrhenius law
(2) and linearly-fitted slopes of the resistivity as a function of the temperature plots, using
the following equation [48]:

ρ = ρ0exp
(

Ea

kT

)
(2)

where k is the Boltzmann constant and T is the absolute temperature.
The thermal activation energy has the lowest value (0.144 eV/K) for VxOy film pre-

pared with the 8:1 Ar:O2 gas ratio. The Ea values calculated for the remaining thin films
were almost the same, ranging between 0.209 and 0.219 eV/K. Similar results were obtained
by M. Öksüzoǧlu et al. [49] for the V2O5 measured in the temperature range between 50
and 100 ◦C. The authors stated that as-deposited vanadium pentoxide was amorphous
and had two ranges of thermal activation energy for the temperatures of 25–50 ◦C and
50–100 ◦C, which related to the thermal activation of electrical charge carriers into the
conduction band and the change in the number of charge carriers in the conduction band,
respectively. The optical energy gap was shown to affect electrical properties, such as the
activation energy of V2O5 deposited with pulsed DC magnetron sputtering [49].

The dependence of the resistivity and sheet resistance of vanadium oxide thin films on
the Ar:O2 gas ratio during the deposition process is presented in Figure 9. Both resistivity
and sheet resistance increase with increasing amounts of oxygen in the Ar:O2 gas mixture.
The values are in the range of 9.10 to 2.04·103 Ωcm. Analogous results were obtained by
Choi et al. [50] who showed that the sheet resistance and resistivity of amorphous V2O5
increase with the increases in the amount of oxygen in the sputtering gas ratio. Researchers
showed that proper control of the oxygen flow rate enables adjustments to some properties
of vanadium pentoxide, e.g., electrical properties or stoichiometry [50].
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gas ratio during the preparation process.

In addition, to compare the optical and electrical properties of analysed vanadium
oxide thin films deposited with different Ar:O2 ratios during sputtering, the merit figure
(Q) was calculated based on the average transmission in the visible wavelength range and
resistivity values (Equation (1)), for each sample. The calculated values of the merit figure
are in the range from 2.64·10−8 to 3.31·10−6 and the dependence of Q on the Ar:O2 gas
ratios during sputtering is shown in Figure 10. The thin films deposited with Ar:O2 gas
ratios of 3:1 and 4:1 were found to have the highest Q values. This was related to the high
average transmission, which was very similar to the VxOy deposited with Ar:O2 gas ratio
2:1, and at the same time resulted in a one-order lower value of resistivity compared to the
mentioned sample. Thin films deposited with a gas ratio greater than 4:1 had significantly
lower average transmission, which led to a decrease in the Q factor.

The Seebeck coefficient (Sc) of the prepared thin films was determined on the basis of
thermoelectric measurements (Figure 11). The characteristics of the thermoelectric voltage
as a function of the temperature difference between electrical contacts for all the deposited
vanadium oxide thin films are presented in Figure 9. The positive sign of the Seebeck
coefficient indicates the hole type of electrical conduction, while the negative sign indicates
the electron type [51]. Samples prepared with the lowest oxygen content in Ar:O2 gas ratios,
i.e., 8:1, 7:1 and 6:1, were p-type semiconductors, whereas those prepared with ratios below
6:1 were n-type semiconductors. Therefore, a lower O2 content in the Ar:O2 gas mixture
resulted in a p-type of electrical conduction that could be an effect of the oxygen vacancies
present in the microstructure of the film. The oxygen vacancies were also responsible for
the deterioration of the average transmission in the visible-wavelength range of deposited
thin films and an increase in their conductivity. Similar behaviour of optical and electrical
properties has been already reported for non-stoichiometric WOx thin films prepared by
magnetron sputtering [30]. As the sputtering atmosphere became more oxygen rich, the
conduction switched to the electron type, which was related to a lower number or even
an absence of oxygen vacancies. The thermoelectric characteristics with calculated Sc are
presented in Figure 9.
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The summary of optical and electrical properties of as-deposited vanadium oxide thin
films is shown in Table 1.
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3.4. Gas Sensing Properties

Due to the semiconducting character of the thin films, their gas sensing properties
towards 3.5% hydrogen diluted in argon were examined. Changes in resistance after gas
exposure as a function of time are shown in Figure 12. The gas-sensing mechanism of
chemoresistive gas-sensing layers is correlated with oxygen vacancies created at the surface
of the sensing film during exposure to the temperature. When exposed to air, oxygen is
physisorbed on free states on the sensor surface at room temperature. As the temperature
increases, O2 molecules chemisorb in the previously physisorbed layer and trap conduction
charges from the deeper part of the thin film, which causes the formation of oxygen ions on
the surface (the oxidation state and reactivity of which depend on the temperature) and
the resistance of the film increases or decreases depending on the type of semiconductor.
When the sensing film is placed in the gas atmosphere, the resistance behaviour reverses
after the adsorption of the gas molecules. The resistance changes are related to the bending
of the Fermi level as a result of the formation of a depletion or enhancement region. After
exposure to the ambient atmosphere, the resistance returns to the starting level before
exposure to the gas. The sensing performance may be improved by adding noble dopants
such as Pd or Au [52,53].
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According to the literature, a better sensing response toward hydrogen is exhibited
by n-type semiconductors. The sensor response of the p-type semiconducting thin film is
usually lower and is defined as the square root of the same n-type thin film (3) [54–56].
H2 molecules interact with the surface as protons, then desorb as water vapour and again
interact as hydroxyl ions. The detection of hydrogen using a p-type semiconductor is
described by Equations (4) and (5) [57–59].

Sp =
√

Sn (3)

2H2 + O−2(adsorbed) ↔ 2H2O + e− (4)

H2O↔ OH− + H+ (5)

The sensor response was investigated for all deposited thin films, but only the results
are shown for those prepared with 8:1, 7:1, 6:1 and 5:1 Ar:O2 gas ratios during magnetron
sputtering. A better sensor response was obtained for the p-type thin films (Figure 10)
compared with the n-type, which were difficult to determine. The investigations were
carried out at two operating temperatures: 120 ◦C and 150 ◦C. The characteristics of
resistance changes as a function of time resemble a typical gas response graph for p-type
semiconducting oxides [60,61]. For other n-type semiconducting vanadium oxide thin films,
i.e., prepared with Ar:O2 gas ratio of 5:1 and lower, the gas response characteristics were
analogous to those in. It was impossible to determine gas response or response/recovery
times due to the low operating temperature and the amorphous structure of the n-type thin
films that results in a very low active surface area.

The summary of the gas sensing properties is presented in Table 2. The sensor response
(SR) was calculated as the maximum resistance of thin films after exposure to hydrogen
(Rgas) to the resistance in pure air (Rair), after gas desorption according to the equation:

SR =
Rgas

R0
·100% (6)

The response time is the time necessary to reach 90% of the resistance change from
resistance in the air to maximum resistance after exposure to gas. In turn, the recovery time
is defined in the same way but on the desorption curve. The lowest response time was
obtained for the thin film prepared with the 8:1 Ar:O2 gas ratio. An increase in the response
time was observed for samples prepared with a higher O2 content in the chamber during
the deposition process, with all values ranging between 406 and 638 s for those examined at
a 120 ◦C operating temperature and 563 to 668 s for samples measured at a temperature of
150 ◦C. In turn, the samples deposited with an Ar:O2 gas ratio 7:1 have the lowest recovery
time values for both operating temperatures. The sensor response oscillates around 102.0
to 103.8 for all prepared thin films. A higher sensor response was demonstrated for an
operating temperature of 150 ◦C for all the prepared thin films.

Table 2. Summary of the gas sensing properties.

Ar:O2 Ratio Working
Temperature (◦C) Response Time (s) Recovery Time (s) Sensor Response

SR (%)

8:1
150 563 449 102.9–103.0
120 406 308 102.3–102.6

7:1
150 598 452 102.7–102.8
120 638 217 102.0–102.4

6:1
150 668 416 103.0–103.8
120 581 440 102.2–102.4

The largest obstacles in hydrogen sensing investigations are the slow response and
recovery times, which require a high operating temperature, while at room temperature
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the detection of a low concentration of hydrogen is weak [62]. In our work, a relatively low
operating temperature was obtained, which can be considered an achievement.

3.5. Nanoindentation Measurements

The results of the hardness measurements and the dependence of the hardness of
vanadium oxide thin films on the Ar:O2 gas ratio during the sputtering process are shown
in Figure 13. The hardness gradually decreased with a decrease in the argon content in
the sputtering gas ratio from about 2.1 GPa to 0.3 GPa. In the literature, reports on the
mechanical properties of vanadium oxides are scarce and determined hardness values
vary greatly depending on the method of deposition and microstructure [63,64]. Porwal
et al. [63] reported that the hardness of vanadium oxide thin films was equal to 0.2 GPa,
which is similar to the values obtained in this work for films deposited with an Ar:O2 ratio
of 2:1. In turn, Fateh et al. [64] reported that additional annealing at 300 ◦C caused the
transition from the amorphous to polycrystalline phase of V2O5 films and a simultaneous
increase in hardness from 3.2 GPa to even 6.4 GPa. In the case of this work, the SEM cross-
sections, shown as insets in Figure 13b, revealed that the thin films deposited with low
oxygen content in the sputtering atmosphere were densely packed and were very smooth.
In turn, in the case of the films deposited with high oxygen content, the cross-sections
appear more porous and are, therefore, softer.
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hardness of vanadium oxide thin films on the Ar:O2 gas ratio during the sputtering process.

4. Conclusions

In this work, vanadium oxide thin films were deposited by gas impulse magnetron
sputtering with the same conditions, except for varying ratios of the working gas (Ar)
and reactive gas (O2) that were in the range of 8:1 to 2:1. Because of the low temperature
of the substrates during the sputtering process, the deposited coatings were amorphous,
which was favorable in the case of analysis of other properties; i.e., there was no influence
of the structure on the optical, electrical, gas sensing, and nanomechanical properties. It
was shown that changing the gas ratio during the deposition process leads to a change
in the transparency of the thin films from ca. 51% to 22% with an increase in argon in
the gas composition. However, such large changes in the gas ratio, i.e., from 2:1 to 8:1,
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did not strongly influence the optical energy band gap. In turn, in the case of electrical
properties, all the thin films had semiconducting characteristics and could be categorized
as transparent oxide semiconducting (TOS) materials. Taking into consideration their
average transparency in the visible wavelength range and resistivity, it was found that
thin films with the best merit of figure were deposited with a rather low Ar:O2 ratio of
3:1. It is also interesting that samples deposited with a high Ar:O2 ratio were p-type
semiconductors, while decreasing the gas ratio during sputtering resulted in a change to
the electron conduction type. Moreover, gas-sensing measurements in the diluted hydrogen
showed that the p-type thin films had a better response than the n-type samples. Hardness
was also shown to gradually decrease with a decrease in the Ar:O2 gas ratio during the
sputtering process. In summary, it is worth highlighting that, with careful control of the
sputtering atmosphere, it is possible to obtain amorphous vanadium oxides with specified
optical and electrical properties. Increasing the argon content in the gas ratio leads to
the deposition of p-type thin films with visible gas sensing properties towards diluted
hydrogen and high hardness, while increasing the oxygen content produces thin films with
high transparency, good resistivity and a high figure of merit. Further studies will focus on
the determination of the oxidation state of each thin film and investigating the influence of
post-process annealing on their properties.
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