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Abstract– Nanocrystalline V2O5 films have been deposited on glass substrates at 300°C substrate temperature
using thermal evaporation technique and were subjected to thermal annealing at different temperatures 350,
400, and 550°C. X-ray diffraction (XRD) spectra exhibit sharper and broader characteristic peaks respec-
tively indicating the rearrangement of nanocrystallite phases with annealing temperatures. Other phases of
vanadium oxides started emerging with the rise in annealing temperature and the sample converted com-
pletely to VO2 (B) phase at 550°C annealing. FESEM images showed an increase in crystallite size with
350 and 400°C annealing temperatures followed by a decrease in crystallite size for the sample annealed at
550°C. Transmission spectra showed an initial redshift of the fundamental band edge with 350 and 400°C
while a blue shift for the sample annealed at 550°C, which was in agreement with XRD and SEM results. The
films exhibited smart window properties as well as nanorod growth at specific annealing temperatures. Apart
from showing the PL and defect related peaks, PL studies also supported the observations made in the trans-
mission spectra.
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INTRODUCTION
Transition metal oxides containing atoms with

unfilled d-shells possess multiple oxidation states and
exhibit the phenomenon of mixed valence. These
properties make them suitable to subject for various
chemical and structural transformations under the
action of different external perturbations. These in
turn are accompanied by significant modifications of
the optical, electrical and other properties. Vanadium
oxide thin films have attracted substantial interest
among the transition metal oxide semiconductors as
highly promising materials because of their wide range
of striking properties [1, 2]. Varieties of techniques
have been used to prepare vanadium oxide films.
Among them, thermal evaporation [3], pulsed laser
deposition (PLD) [4], magnetron sputtering [5],
chemical vapor deposition (CVD) [6], spray pyrolysis
[7] and sol–gel methods [8] are most commonly
employed. Thermal evaporation method is of great
interest due to its simple and easy to deposit nature,
while the quality of the obtained films is mostly com-
parable with those prepared by the other processes.
Among the vanadium oxide films, vanadium pentox-

ide (V2O5) thin films have attracted more attention
due to their useful properties such as high chemical
stability, electrochemical safety, low cost, easy prepa-
ration and relatively low toxicity [2].

Under reducing conditions, V2O5 films can be
reduced to various oxide forms such as VO2, V2O3 and
mixed-valence phases (V3O7, V4O9, V6O13) where
vanadium takes +III and +IV oxidation states [9–11].
Among them VO2 films find broad applications
because of their tunable electrical and optical proper-
ties. VO2 exists in two phases – a non-thermochromic
metastable polymorph phase VO2 (B) and a thermo-
chromic VO2 (M/R) phase [12]. The latter is a ther-
motropic phase which exhibits switching behavior in
electrical, optical and magnetic properties at its criti-
cal temperature Tc = 68°C [1], and finds broad appli-
cations such as optical switching, smart window etc. It
exhibits monoclinic phase below critical temperature
Tc (represented by M) and a rutile phase above Tc (rep-
resented by R) and hence the name VO2 (M/R) [13].
This phase has been extensively studied since its insu-
lator/semiconductor-metal transition at about 68°C
was discovered by Morin [11, 14]. The other phase
(VO2 (B)) of VO2 films by reduction of V2O5 films pre-1 The article is published in the original.
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pared by thermal evaporation is far less investigated
though it is simple and promising. Being a metastable
phase, it can irreversibly be converted to the
VO2(M/R) phase by annealing in an inert atmosphere
[15]. There are many recent studies on semiconduct-
ing VO2 (B) polymorph in the form of nanorods and
powders synthesized by thermal oxidation of vana-
dium and hydrothermal technique [16, 17]. Other
techniques include sputtering, evaporation, sol–gel
process, pulsed laser deposition etc. [1, 18–20].

In this work, we present growth and characteriza-
tion of V2O5 thin films by thermal evaporation tech-
nique and its reduction to VO2 phase by simple ther-
mal annealing process. The investigations include
observations of smart material properties as well as
nanorod growth.

EXPERIMENTAL

Thin films of V2O5 have been deposited by thermal
evaporation in a vacuum deposition chamber (Hind-
hivac vacuum coating unit) on top of BSG substrates.
The source material, pure V2O5 has been evaporated
from a molybdenum boat. The deposition pressure
inside the chamber has been maintained between 8 ×
10−6 and 4 × 10−5 mbar and the source–substrate dis-
tance has been kept at approximately 14 cm. Since the
films prepared at lower substrate temperatures are
amorphous in nature [21], the films are deposited at a
constant substrate temperature (300°C). Post anneal-
ing has been performed on the deposited films at tem-
peratures 350, 400 and 550°C, respectively, for 1 hour
in air using Eurotherm tube furnace from Carbolite,
Sheffield, England.

The structural properties of the prepared films
(both as-deposited and post-annealed) have been
determined by X-ray diffraction (XRD) using a
PANalytical X’Pert PRO with Cu Kα radiation at
45 kV and 40 mA. Surface morphology has been car-
ried out using JEOL (JSM-7600F) field emission
scanning electron microscope. Optical measurements
have been performed using a Varian Carry 5000 spec-
trophotometer (UV-Vis-NIR). Photoluminescence
(PL) studies were carried out using a HORIBA Scien-
tific Fluoromax-4P spectrofluorometer.

RESULTS AND DISCUSSION
X-ray diffraction patterns were recorded to explore

the phase purity and crystallinity before and after
annealing the V2O5 film. Figure 1a shows the XRD
analysis of as-deposited as well as isochronally
annealed vanadium oxide thin films. The as-deposited
thin film is crystallized in purely orthorhombic V2O5
phase and matches well with the ICDD file # 01-077-
2418. As we anneal the sample above 350°C, VO2
phase slowly started emerging and finally crystallized
in pure monoclinic VO2 phase (ICDD# 01-071-0042)
at 550°C annealing temperature. The orientation peak
(001) of V2O5 gradually changes to (002) peak of VO2
at 400°C annealing. The film also contains V3O5
(ICDD# 01-071-0039) and V7O3 (ICDD# 00-030-
1425) at 400°C. The film annealed at 550°C has dis-
tinctly different peaks than the other patterns. At
550°C the sample completely converts to VO2 phase as
depicted in the Fig. 1a. This phase is identified as VO2
(B) polymorph. The orientation peak has shifted to
(‒202) peak of monoclinic VO2 at 550°C.

In order to observe the peak positions more dis-
tinctly, the selective peaks have been redrawn at spe-
cific 2θ positions as shown in Figs. 1b, 1c. In Fig. 1b
an explicit peak shift towards left can be observed for
the peak at 29.06° for the sample annealed at 550°C
indicating the formation of (–202) plane of VO2. Sim-
ilar observations were noticed for the peaks corre-
sponding to (211), (401) and (311) planes of V2O5 in
Fig. 1c. However, here the shift is towards right. At
550°C the sample has been completely converted to
VO2 phase and the corresponding planes have been
marked.

The crystallite size based on the orientation peaks
have been determined using Scherrer formula and tab-
ulated in Table 1. The table shows an overall increase
in crystallite size with the increase in annealing tem-
perature. However, the sample annealed at 550°C pro-
vided an opposite trend giving 65 nm crystallite size,
though the crystallite size has been increased individ-
ually. In order to understand this observations more
clearly SEM analysis and optical studies of the sam-
ples were carried out.

Figure 2 shows the FESEM images of the as-
deposited as well as isochronally annealed vanadium
oxide thin films. It is observed that the as-deposited
V2O5 film shown in Fig. 2a displays uniformly distrib-
uted small identical grains. It is characteristic behavior
of either amorphous film or nanocrystalline film.
XRD analysis indicates that the sample growth is that
of orthorhombic nano V2O5 structure. Figure 2b
shows the morphological changes occurred during the
annealing process at 350°C. This resulted in larger
crystallites with more granular and micro-cracked sur-
face [1]. The sample annealed at 400°C in Fig. 2c
shows a larger distribution of grains with very ordered
growth. A low magnified image of the same sample

Table 1. Crystallite size estimation of the as-deposited and
isochronally annealed vanadium oxide films

Sample 2θ position FWHM (β) Crystallite 
size (D)

As-prepared 20.17° 0.356° 23 nm

350 oC annealed 40.56° 0.237° 36 nm

400 oC annealed 29.03° 0.091° 90 nm

550 oC annealed 28.72° 0.126° 65 nm
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(inset of Fig. 2c) shows that there is a multi-aligned
nanorod-like growth of crystallites for this film [2, 21].
The sample annealed at 550°C (shown in Fig. 2d)
shows a comparatively larger crystallite size distribu-
tion than that of as-deposited and sample annealed at
350°C, but smaller than that of 400°C annealed sam-
ple. However, the sample displayed a more ordered
growth with valleys and agglomeration of identical
crystallites [22].

The optical transmittance spectra of isochronally
annealed V2O5 films at different temperatures in the
UV–vis-NIR range is shown in Fig. 3a. From the fig-
ure, as-deposited sample shows two ripples with a fun-
damental band edge around 490 nm. As the annealing
temperature increases, the ripples slowly disappear
indicating the surface modification and reducing the
thickness of the thin film. In order to estimate the
thickness of the film, the transmission data was simu-
lated and fitted using the method described by Birgin

et al. [23]. The thicknesses of the films obtained were
220, 130, 108, and 92 nm for the as-deposited film,
films annealed at 350, 400, and 550°C, respectively.
This decrease in the film thickness may be due to the
reaction of the ambient molecules with the oxygen
contained in the V2O5 film resulting in the reduction
of the vanadium oxide and partial removal or rear-
rangement of the microstructure. It was observed that
the annealing treatment greatly influenced the trans-
mission of the film. The color of the film changed
from yellow to dark yellow at 400°C annealing tem-
perature. However, at 550°C annealing temperature it
was comparatively light yellow with improved trans-
mission. The transmission spectra clearly justify this
observation. From the spectra it is evident that as-
deposited V2O5 film exhibits significant transmission
covering the whole spectral region starting from the IR
to the visible. The sample annealed at 350°C exhibits
good transmittance in the visible region while the

Fig. 1. (a) XRD analysis of as-deposited and isochronally annealed films: V2O5: 01-077-2418, *—VO2 : 01-071-0042, τ—V3O5:
01-071-0039, #—V7O3: 00-030-1425; (b, c) XRD pattern depicting the shift in 2θ position for the vanadium oxide films: as-
deposited (1), annealed at 350 (2), 400 (3), 550oC (4).
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transmittance is diminishing in the IR region making
it a potential choice as a smart window material. The
sample annealed at 550°C shows improved transmis-
sion characteristics compared to other annealed sam-
ples in the entire range from UV to IR.

Figure 3b shows the Tauc’s plot for the as-depos-
ited and isochronally annealed vanadium oxide films.
The value of band gap for the pure V2O5 was reported

as 2.2–2.4 eV [24, 25]. The optical band gap values for
the direct transition are tabulated in Table 2.

Optical band gap values are slightly higher than the
reported value, which is due to the nanocrystalline
growth of the film [26]. As-deposited V2O5 sample

gives a direct band gap of 2.54 eV corresponding to
490 nm wavelength. As the annealing temperature
increased, the band gap values started decreasing giv-
ing a clear red shift. For the samples annealed at
350 and 400°C the band gap values are found to be
2.42 and 1.88 eV, respectively. This is in accordance
with the previous reports on annealing the thin film
samples and can be attributed to the microstructural
changes caused by annealing treatment, i.e., increase
in the crystallite size with increase in annealing tem-
perature [2, 27]. The energy gap between valence band
and conduction band decreases with the increase of
crystallite size [28]. However, a clear blue shift of band
gap from 2.54 to the 3.40 eV was observed for the sam-
ple annealed at 550°C. Though rare this indeed hap-

Fig. 2. FESEM images of the vanadium oxide films: as-deposited (a), annealed at 350 (b), 400 (c), 550oC (d). Low magnification
(10000×) FESEM image of the vanadium oxide film annealed at 400oC is shown as inset of (c).
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Table 2. Band gap calculation from Tauc’s plot

Film Band gap, eV
Corresponding 

wavelength, nm

As-deposited 2.54 490

Annealed at 350°C 2.42 513

Annealed at 400°C 1.88 660

Annealed at 550°C 3.40 365
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pens in thin films at higher temperatures and could be

explained predominantly by means of Burstein-Moss

bandgap widening effect suggesting unusual absence

of band narrowing effect [7, 29–32]. Burstein-Moss

effect result in pushing the Fermi level up and block

the excitation from the valence band to these occupied

lowest states below Fermi level, thereby causing band

gap widening and resulting in a blue shift of the

absorption edge. This band gap widening is responsi-

ble also for the enhanced transmission in the UV

region for the sample annealed at 550°C in Fig. 3a [7].

This sample showed a better transmittance than other

annealed samples which confirms the increase of car-

rier concentration and Burstein-Moss effect.

Figure 4 shows PL emission spectra of as-deposited

and isochronally annealed films at excitation wave-

length 300 nm measured using a HORIBA Scientific

Fluoromax-4P spectrofluorometer. The spectra show

good luminescence with series of bands. Prominent
band is observed at green yellow region of the spec-
trum, centered at 570 nm. The PL peaks observed at
violet region centered at 407 nm may be due to a defect
level which might be associated with the incorporation
of oxygen vacancies during nanostructured evolution
[33, 34]. A weak emission band at blue region centered
at 466 nm slowly develops with the annealing tem-
perature [35]. The peak observed at 490 nm for the as-
deposited film is attributed to the band-to-band tran-
sition of V2O5 film while the corresponding peaks are

marked at 328 and 368 nm for the films annealed at
400 and 550°C, respectively. It was also noted that a
band once formed continued to appear even after the
treatment or structural change. Moreover, with the
same argument the very weak PL peak observed at
552 nm is attributed to the band to band transition car-
ried from the bulk V2O5 [36].

CONCLUSION

Highly ordered orthorhombic nano-V2O5 thin

films were prepared on glass substrates at 300°C sub-
strate temperature using thermal evaporation tech-
nique and subjected to thermal annealing. The struc-
tural, optical and morphological properties of the
films showed strong dependence on the annealing
temperature. XRD spectra showed rearrangement of
nanocrystallite phases with temperature and reduction
of V2O5 to VO2 phase at higher temperatures. FESEM

images also confirmed the observations in XRD anal-
ysis with an increasing crystallite size with annealing
temperature from the 350°C to 400°C followed by a
decrease in crystallite size at 550°C. The films
annealed at 400°C exhibited an improved crystallinity
and nanorods-like morphology. Thus controlled
annealing in air can result in emergence of ordered
nanorods and can be tailored for various applications.
Transmission spectra was also in agreement with the
above observations exhibiting an initial redshift of the

Fig. 3. (a) Transmission spectra and (b) Tauc’s plots of as-deposited and isochronally annealed V2O5 films: as-grown (1),
annealed at 350 (2), 400 (3), 550oC (4).
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fundamental band edge with 350 and 400°C while a
blue shift for the sample annealed at 550°C. The
observed blue shift was explained predominantly by
Moss-Burstein band gap widening effect. PL studies
also supported the observations made in the transmis-
sion spectra. Therefore, thermal treatment demon-
strates strong influence on crystallization process as
well as optical properties of V2O5 films that can be tai-

lored for suitable device applications.
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