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Amorphous V20s Vanadium pentoxide (V20s) thin films were prepared on microscope glass slides using the reactive
DC magnetron sputtering technique at room temperature. Post annealing process was performed at
atmospheric conditions in 480°C for 1 hour. To investigate the effect of post-annealing treatment,
DC Magnetron Sputtering ~ morphological and structural analyses were carried out by field emission scanning electron

L microscopy (FESEM) and X-ray diffraction (XRD), respectively. Additionally optical
Thin Films characterization was completed using UV-Vis spectrophotometer. Current-voltage (I-V) and
capacitance-voltage (C-V) measurements were performed to examine electrical properties. XRD
revealed the drastic effect of post-annealing on the crystallization of amorphous V20s thin films. The
amorphous as-deposited film structure transformed into the polycrystalline form after post-annealing
treatment. FESEM images revealed a remarkable change in surface morphology from a smooth flat
surface to a rough surface with the formation of VV2Os nanorods under the influence of post-annealing.
Optical energy band gap was observed to decrease drastically. The significant changes in the structure
and morphology of the thin films with post-annealing affected their electrical properties to a fair
extent. While resistance increased, capacitance and dielectric permittivity of the films decreased with
post-annealing treatment.
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1. INTRODUCTION

Vanadium oxides have received a lot of attention recently because of their complex stages within the
vanadium-oxygen graph. Especially, vanadium pentoxide (V:0s), which is recently broadly utilized in
electrical switching, catalysts, gas sensing, optoelectronic and smart thermochromic applications, has gotten
major attention in research and innovation over the years among other MOS materials (Yan et al., 2015).
Among different vanadium oxides, four compounds (namely VO, V203, VO, and V20s) correspond to the
single valence state of vanadium (that is, V2*, V3, V*" and V**, respectively). Due to their extraordinary basic
adaptability as well as their extraordinary chemical and physical features that are essential in catalytic and
electrochemical implementations, these oxides merit special attention (Hébert et al., 2002). V.Os is a
semiconductor oxide of n-type conductivity that can be affected by the change in the density of oxygen
vacancies following any V**«sV** transformation (Shimizu et al., 2009). Vanadium oxidation states rely on
surrounding circumstances and production strategies. Nanostructured thin films can be synthesized by different
techniques; like, sputtering (Cho et al., 2006; Xue-Jin et al., 2008; Ba et al., 2013; Luo et al., 2014), chemical
vapor deposition (Kim et al., 1993; Kiri et al., 2011), sol-gel (Béteille & Livage, 1998; Wang et al., 2013), and
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pulsed laser deposition (Bowman & Gregg, 1998; Kumar et al., 2004). Various changes occurred in the
structural and electrical properties of amorphous V205 by the post-annealing process. In similar studies in the
literature, Zou et al. (2009; 2010) and Przes$niak-Welenc et al. (2015) reported the effect of post-annealing on
V,0s thin films synthesized by different techniques. They found that after increasing the temperature up to
450-500°C, peaks appeared in XRD patterns. Besides that, samples that were post-annealed at 450°C and
500°C showed very thin V.05 nanorods grown from the surface of the as-prepared V.0s amorph film similar
to Zou et al. (2010). After annealing at 500°C and higher temperatures, the VV,Os nanorods became larger (Zou
et al., 2009) and thus 480°C has been chosen as the post-annealing temperature.

In this work, vanadium pentaoxide thin films were synthesized by the reactive DC magnetron sputtering
method and then prepared by post-annealing in atmospheric conditions. The aim was to examine in detail the
possible effects of post-annealing on the structural, optical and electrical properties of vanadium oxide thin
films. For this purpose, unannealed and 480°C annealed samples were compared according to various
measurements.

2. MATERIAL AND METHOD

The microscopy glass slides were used as substrates. Before vanadium oxide thin film was grown, the
substrates were chemically cleaned to remove organic and other dirt on the surface. Ultrasonic cleaning were
carried out in acetone for 10 minutes, isopropanol for 10 minutes and dried using nitrogen gas, sequentially.
A series of amorphous V0s thin films were deposited on microscope glass slides at room temperature using
AJA ATC Orion 3 sputter system with a base pressure 3x107 Torr. Amorphous V-Os thin films were deposited
by using a circular vanadium target of 4 inches (Kurt J. Lesker Co.) with a purity of 99.99%. Before the
deposition process, to prevent surface contamination, the vanadium target was sputtered with Ar plasma for 3
minutes. The sputter parameters for amorphous V2Os thin films are shown in Table 1. During deposition,
without any heating, the substrates were placed on a rotating fixture which rotates at a speed of 80 rpm. The
deposition time was 20 minutes, and the film thickness was approximately 210 nm which was measured by a
step profilometer (Dektak, Bruker).

Table 1. Sputtering Parameters for Amorphous V>Os Thin Films

Base Pressure 3x107 Torr
Sputtering Pressure 1.8 mTorr
Target 99.99% V
DC Power 550w
Sputtering gas Pure Argon
Ar:0; 30:4
Substrate Temperature RT
Thickness 210 nm
Sputtering time 20 min

After deposition, the post-annealing was performed at 480°C for 1 hour in the air. Throughout the paper, the
as-grown (unannealed) and the 480°C annealed samples will be denoted respectively as AG and AT-480.

The phase structure of the synthesized thin films was identified by GI- X-ray diffraction (GIXRD, Rigaku,
Ultima 1V, Cu Ka emission), and their surface morphology was investigated by a field emission scanning
electron microscopy (FESEM, Hitachi SU-8230). Besides, the samples’ optical properties were investigated
by a UV-Vis spectrophotometer (Shimadzu UV-1800). An uncoated microscope glass slide was used as a
reference and the optical energy band gap of the thin films was calculated.
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A pair of interdigitated Ni-Cr electrodes were deposited on the substrates with a shadow mask by DC
magnetron sputtering. The sputter parameters for Ni-Cr IDT are shown in Table 2.

Table 2. Sputtering Parameters for Ni-Cr IDT Electrodes

Base Pressure 2x107 Torr

Sputtering Pressure 2.7 mTorr

Target 99.99%Ni/Cr (80/20wWt%)
DC Power 100w

Sputtering gas Pure Argon

Ar:0; 30:0

Substrate Temperature RT

Thickness 120 nm

Sputtering time 40 min

Electrical characterization of AG and AT-480 was investigated by a Keysight E4990A impedance analyzer
and a Keithley 2400 source meter. The capacitance and conductance spectra of the AG and AT-480 samples
were recorded in the frequency range from 1 kHz to 1.5 MHz. In addition to that current voltage measurements
were performed.

3. RESULTS AND DISCUSSION
3.1. Structural and Morphological Characterizations

Structural properties of the thin films were probed by GIXRD technique and the corresponding patterns of the
produced films are given in Figure 1. Clearly, AT-480 thin film showed a polycrystalline V205 structure with
preferred (010) orientation while AG thin film showed an amorphous phase. This demonstrates the critical
impact of post annealing on the structure of V2Os thin films.
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Figure 1. GIXRD Patterns for AG and AT-480 V.0s Thin Films

In the XRD pattern, no obvious Bragg peaks were observed in the AG sample which corresponds to amorphous
V,0s material. However, the post-annealed sample AT-480 can be indexed to the orthorhombic V20s phase
(ICDD: 01-72-0598). The sharpest peak appeared to indicate the V2Os (010). This crystalline structure is the
same as that reported for V2Os nanorods by other research groups (Zou et al., 2009; Yan et al., 2015; Van de



Semih INCECAM, Adem SARAC, Evren ERDIL, Ali Orkun CAGIRTEKIN, Selim ACAR

302 GU J Sci, Part A, 8(2): 299-307 (2021)

Kerckhove et al., 2017). The crystalline property and grain size of the films were found to increase after
annealing.

Surface morphologies of the synthesized films were examined through FESEM. To investigate the effect of
post-annealing on the material, FE-SEM images in Figure 2 were taken from AT-480 and AG samples. The
secondary electron (SE) detector of the device was used while these images were taken.
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Figure 2. FESEM Images of a) AG and b) AT-480 V,0Os Thin Films

Structural differences are seen in Figure 2a and 2b. In Figure 2a of the AG sample, vanadium oxide is seen as
a flat film. No nanostructural formation was observed on the surface. In Figure 2b, AT-480 thin film took the
form of a nanorod by the post-annealing effect. The resulting nanorods have a 150-300 nm width and
approximately a 1um length. This shows the impact of thermodynamic-based surface diffusions in the growth
mechanism of nanorods (Zou et al., 2010). In a similar study in the literature, similar structures were observed
in the SEM image taken from the vanadium oxide thin films, produced by Zou et al. (2009) with the sputtering
technique.

3.2. Optical Characterization

The optical properties of thin films were examined by a UV-Vis spectrophotometer. Measurements were taken
for AG and AT-480 samples in the 300-1100 nm wavelength range with the Shimadzu UV-1800 instrument.
Using these, the Tauc graphs in Figure 3 were drawn with calculations and the energy bandgap range was
calculated for each sample. The effect of post-annealing was investigated.
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Figure 3. (ahv)?- ho Graphs for AG and AT-480 V,Os Thin Films

The direct optical band gap (Eg) of the V-Os films was estimated by extrapolating the linear region of (ahv)?
versus hv curve to zero (Figure 3). From the (ahv)? - hv graph shown in Figure 3, the point where the slope of
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the edge-tail intersects on the energy axis gives the optical energy band gap range for that material. The values
of Eg were estimated as 3.28 eV and 2.32 eV for AG and AT-480 thin films, respectively.

Optical energy band gap was observed to decrease drastically. Indeed, upon exposure of the films to higher
annealing temperatures in another literature study, a shift of the band gap to low energy was recorded implying
that Vanadium oxides’ band gaps decrease with the increase in annealing temperature (Yelsani et al., 2019).
For the annealed V0s thin film, the optical energy band gap value was found similarly by Lamsal & Ravindra
(2013) and Vijayakumar et al. (2014).

Similar observations were also reported in V>Os films deposited by dip-coating technique (Vasanth Raj et al.,
2013), it can also be explained by the quantum size effect in which the films have large size crystallites.
However, the bandgap of V:Os is dependent on the experimental conditions and preparation methods
(Benmoussa et al., 2002; Rajendra Kumar et al., 2003).

3.3. Electrical Characterization
3.3.1. Current-Voltage

Current-voltage measurements were performed at room temperature to determine the effect of post-annealing
on the resistance of the films. The current-voltage characteristic plot and corresponding resistances are
displayed in Figure 4.
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Figure 4. Current-Voltage Curves for AG and AT-480 V,0Os Thin Films

Obviously, surface resistance increased from 1878.5 Q to 2720 Q with the annealing process. This points out
that electrical properties can change drastically with the annealing process. It is established that resistivity of
a material is associated with carrier concentration and mobility (Hu et al., 2004). This behavior which is
observed in some oxides such as ITO (Mohamed, 2007) and V20s (Mohamed, 2009) may be attributed to the
process of oxygen chemisorption on the surface of the films where it behaves like an electron acceptor. The
electrical resistivity increments slightly which may be due to the increment in the surface roughness as was
seen by SEM images (Figure 2), due to the possible interaction of glass substrate and the produced films at
high temperatures (Ramana et al., 2004; Mohamed, 2007).

3.3.2. Capacitance and Conductance

The capacitance and conductance measurements were performed over a frequency range of 1 kHz-1.5 MHz at
room temperature. Figures 5a and 5b show respectively the capacitance-frequency and conductance-frequency
measurements of both samples.

As can be seen from Figure 5a, the capacitance decreases with increasing frequency. Such a decrease can be
best attributed to the inability of electric dipoles to follow the polarity of the high-frequency electric field and
to the immobilization of charge carriers captured at deep traps (Budaguan et al., 1998). It can be also correlated
with the confinement of charge carriers by gap states present more densely in amorph structures (Sengodan et
al., 2013), and this explains the observed steep decrease in amorphous AG films and the gradual decrease in
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AT 480 well-crystallized films. The AT-480 thin film showed nanorods and porous morphology of the surface
as mentioned above. This can be the reason for the decrease of the capacitance of the V,Os film after annealing
at 480°C. As a result, a small number of charges were stored in V.0s nanorods which gave down to its
capacitance value.

As can be seen from Figure 5b, the measured conductance values increase with increasing frequencies. The
conductance of both samples revealed similar behavior as a function of frequency. However, the effect of
frequency on conductance was more prominent in AG samples than in AT 480 samples where the latter
recorded a very slight increase in conductance with frequency as compared to the former. The conductance
decreased slightly with the annealing process and this result is in line with the resistance result which was
discussed above.
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Figure 5. a) Capacitance-Frequency and b) Conductance-Frequency Measurements
of AG and AT-480 V,0s Thin Films

3.3.3. Dielectric

The complex dielectric permittivity (¢*) can be written as (Karaduman Er et al., 2021);
g=¢+ig"

where &' = CE is the real part that is known as dielectric constant and ¢"' = % is the imaginary part that is
0 0

known as dielectric loss. o = 2xf is the angular frequency of electric field, C, = &, g is capacitance of free

space, A is area and d is thickness of the films, g is permittivity of free space, C and G are respectively the
measured capacitance and conductance. The frequency dependence of dielectric properties at room
temperature for the AG and AT-480 thin films is calculated and plotted in Figure 6.
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Figure 6. The Frequency-Dependent Behavior of a) Dielectric Constant and b) Dielectric Loss
of AG and AT-480 V,0s Thin Films
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Figure 6a shows the dielectric constant of AG and AT-480 samples at room temperature. As frequency
increased, the dielectric constant of both samples was found to decrease. The dielectric constant is observed to
decrease with increasing frequency due to the inability of induced dipoles to arrange themselves in the direction
of the applied field (Sengodan et al., 2013). A similar situation was also reported earlier in the literature by
Thomas & Jayalekshmi (1989). Furthermore, with the post-annealing process, the dielectric constant of the
AT-480 film decreased. Similar results have been reported by Ahmed et al. (2019). Subsequently, an increase
in the annealing temperatures caused a further decrease in the dielectric constant as was demonstrated earlier
in the literature (Arshad et al., 2014). The significant changes in the dielectric constant after the post-annealing
process may be due to phase change caused by annealing (Obstarczyk et al., 2019).

Figure 6b shows the dielectric loss of AG and AT-480 samples at room temperature. It is clear from the figure
that the dielectric loss of both samples decreased as the frequency is increased. The observed decrease in
dielectric loss can be alse related to the aspects of electrical polarization. At low frequencies, the dipoles
contribute to the polarization since they can orient themselves with the electric field. However, as frequency
increases, the dipole response becomes limited and thus the dielectric loss becomes low as well (Kumar et al.,
2016). Besides that, the AG sample recorded higher dielectric loss values than that of AT-480 only in the low
frequency region (up to about 10* Hz), beyond which both samples had approximately same loss values.

4. CONCLUSION

In summary, the effect of post-annealing treatment on structural, morphological, optical and electrical
properties of DC reactive magnetron sputtered amorphous V»0s films grown on microscope glass slides has
been thoroughly examined by XRD, SEM, UV-Vis aswell as I-V and C-V electric measurements, respectively.
Structural studies revealed that the post-annealing treatment improves the crystal quality of an originally
amorph structure. Surface morphologies of the films changed from amorphous flat-like structure to V>Os
nanorods structure accompanied with an increase in roughness and grain size of the films under the effect of
post-annealing treatment. The optical band gap energy recorded a remarkable decrease from 3.28 eV to 2.32
eV with the post-annealing treatment. Besides that, the changes in phase and morphology caused by post-
annealing treatment have also induced some considerable changes in electric and dielectric properties of the
films. The 480°C post-annealed film exhibited higher electric resistance (2720 Q) compared to the unannealed
film (1878.5 Q) at room temperature. The increase in resistance was associated with a decrease in capacitance
and dielectric constant. Nonetheless, the steep decrease of dielectric loss as compared to the slight decrease in
dielectric constant with frequency demonstrates the eligibility of both materials for the manufacture of devices
operating at mid-frequencies (particularly in the range of 10 kHz where dielectric losses are small enough
compared to dielectric constant values).
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