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A B S T R A C T

Smooth, uniform and crystalline vanadium oxide thin films were deposited on quartz by spin coating technique
with four different rpm i.e., 1000, 2000, 3000 and 4000 and subsequently post annealed at 350, 450 and 550 °C
in vacuum. Transmission electron microscopy (TEM), Field emission scanning electron microscopy (FESEM) and
X-ray diffraction (XRD) techniques were utilized for microstructural characterizations and phase analysis, re-
spectively, for vanadium oxide powder and deposited film. Nanorods were observed to be grown after vacuum
annealing. X-ray photoelectron spectroscopy (XPS) technique was utilized to study the elemental oxidation state
of deposited vanadium oxide films. Thermo-optical and electrical properties such as solar transmittance (τs),
reflectance (ρs), absorptance (αs), infrared (IR) emittance (εir) and sheet resistance (Rs) of different thin films
were evaluated. Based on the optical characteristics the optimized condition of the film processing was identified
to be spin coated at 3000 rpm. Subsequently, the nanoindentation technique was utilized to measure hardness
and Young's modulus of the optimized film. The measured nanomechanical properties were found to be superior
to those reported for sputtered vanadium oxide films. Finally, temperature dependent phase transition char-
acteristics of optimized vanadium oxide films were studied by differential scanning calorimetry (DSC) technique.
Reversible and repeatable phase transition was found to occur in the range of 44–48 °C which was significantly
lower than the phase transition temperature (i.e., 68 °C) of bulk VO2.

1. Introduction

Vanadium oxides are multivalent phase transition material. The
valence states of its oxide include 2+, 3+, 4+, 5+ etc. and several
intermediate oxide states. Each different variety possesses different
phase transition temperatures. Currently, the research and development
is mainly focussed on VO2 and V2O5 based thin films since they exhibit
reversible phase transition in the positive temperature regime unlike
other contemporary vanadium oxide analogues which exhibit phase
transitions at sub-zero level of temperatures.

Actually, upon heating of VO2 thin films beyond its transition
temperature, the monoclinic structure (M1 phase, P21/c,) is trans-
formed to the tetragonal structure (R phase, space group P42/mnm) [1]
and a corresponding semiconductor to metal (SMT) transition is

observed that is also reversible in nature. This phase transition has been
extensively investigated for the very first time by Mott [2]. According to
Mott [2], the lattice distortion caused by the phase transition enhances
the energy gap between the occupied and empty states. But since the
entropy of the electrons present in the occupied state is increased with
increase in temperature, the energy gap becomes diminished and this
provides metallic behaviour to the material. The recent reports suc-
cessfully observed the reversible phase transition of V2O5 thin films
[3–5] although there were some early debates regarding it. Thus, it is
now well established that besides VO2 the reversible phase transition is
also exhibited by V2O5.

The reversible phase transition in vanadium oxide system triggers
significant changes in thermo-optical and electrical properties. Since,
unlike other vanadium oxide analogues VO2 has its phase transition
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temperature much closer to room temperature it has potential appli-
cations in the fields of storage devices [6], switching devices [7], smart
windows [8], field effect transistors [9] and antireflective smart coat-
ings [10]. Further, it has been reported recently [10–12] that VO2 based
thin films could offer a smart, efficient and radiative thermal control
characteristic for spacecraft application. Since for developing micro/
nano satellites, the reduction of mass and an efficient mode of thermal
control is the foremost challenge; utilisation of VO2 based smart coat-
ings on outer bodies of spacecraft provides the way-out. Present work is
also aiming towards the development of a material for smart radiative
thermal control application in satellites.

For the fabrication of VO2 thin films; several methods have been
adopted e.g., magnetron sputtering [13], pulsed laser deposition [14],
chemical vapour deposition [15] and sol–gel [16,17] etc. Among all the
deposition techniques for development of vanadium oxide thin films,
sol-gel spin/dip coating is most economic and facile mode of synthesis.
In fact, sol-gel based coating technique can be adopted for scale up
purpose especially for spacecraft application where big panels would be
coated.

In general, the transition temperature for pure VO2 is around ~
65–68 °C [8,12,13,18] while the transition temperature of V2O5 is re-
ported to be in the wide range of ~ 127–343 °C [3–5] which is still a
debatable issue. The aforesaid temperature limit is not suitable for
spacecraft and other opto-electronic applications. Thus, several efforts
have been made further to achieve the phase transition in lower tem-
perature region (near/just above the room temperature) e.g., in the
range of 54–65 °C [18], 48 °C [19], 45–49 °C [11], 32 °C [20], 31–57 °C
[21], 30 °C [22], and 29 °C [23,24] for pure VO2 thin films. To tune the
transition temperature of VO2 near room temperature, the attempts
have been made by doping of various elements including transition
metals such as Sn [25], W [26], N [27], Mo [10,28], Ti [29], Mg [30]
etc. into the vanadium oxide matrix, by adding some second phases i.e.,
by making composites [31,32] followed subsequently by post annealing
in vacuum [10,33] or under reducing environments e.g., H2, N2/Ar
[34].

However, systematic and comprehensive studies with variations in
vacuum annealing temperatures and its effect on film as well as func-
tional properties have remained largely unexplored. Therefore, in the
present work, attempt has been made to reduce the transition tem-
perature of vanadium oxide without any doping or any incorporation of
second phase. Post annealing in vacuum was adopted to obtain VO2

from the V2O5 rich film. Here, vanadium oxide thin films were grown
on quartz substrate by sol-gel spin coating route. Thin films were de-
posited at typical rpm of 1000, 2000, 3000, and 4000. The micro-
structural characterizations of powder and films were carried out by
transmissionelectron microscopy (TEM) and field emission scanning
electron microscopy (FESEM). Deposited thin films were subsequently
annealed at three different temperatures e.g., 350, 450 and 550 °C
under high vacuum (1.5×10−5 mbar). Phase analysis of the thin films
was characterised by X-ray diffraction (XRD). The thermo-optical
properties viz., solar transmittance, reflectance, absorptance, IR emit-
tance and sheet resistance were also evaluated as a function of vacuum
annealing temperatures. For the film developed under optimized con-
dition, the film thickness and nanomechanical properties of thin film
were carried out by non-contact mode surface profilometric analysis
and nanoindentation techniques, respectively. Finally, the phase tran-
sition behaviour and elemental oxidation state of the thin films was also
investigated by the differential scanning calorimetry (DSC) and X-ray
photo-electron spectroscopy (XPS) techniques, respectively.

2. Materials and methods

2.1. Synthesis of powder

The vanadium oxide powder was synthesized from aqueous solution
of ammonium metavanadate (NH4VO3, 99.0%, ACS reagent, Sigma

Aldrich) by well-known acid hydrolysis technique using hydrochloric
acid (37% HCl, Thermo Fisher Scientific India Pvt. Ltd., Mumbai,
India). All procured chemicals were used in the as-received condition
without any further purification. Double distilled water was used for
the preparations of both the aqueous solution and the dilute HCl (e.g.,
~ 0.3M). In a typical synthesis procedure, 5 g. of NH4VO3 was added to
150ml of distilled water taken in a glass beaker. The solution was then
vigorously stirred at 90 °C for 30min. After some time the solution
colour turned yellow and 5 ml. of HCl (0.3 M) was added to it in a drop-
wise manner. Upon addition of HCl the solution immediately changed
colour from canary yellow to reddish brown. The reddish brown solu-
tion was stirred further for about 35–45min and deep brown colour
vanadium oxide powder was then observed. The pH of the resultant
solution containing the powder was measured to be around 2–2.5. The
brown-red powder was then collected by filtration. It was further wa-
shed several times with distilled water to remove excess acid, if any.
This step was followed by air drying at 60 °C. Finally, the as synthesized
powder was further subjected to one hour heat treatment at 450 °C in
air.

2.2. Synthesis of gel and deposition of thin films

In a typical procedure of gel synthesis; about 0.6547 g of the heat
treated powder was dissolved in 40ml of 15% H2O2 (Merck Specialities
Pvt. Ltd., Mumbai, India). Here, H2O2 was expected to act also as a
reducing agent which could be subsequently conducive to obtain VO2

while casting film. The solution mixture was then placed in a water
bath (e.g., ~ 90 °C) with vigorous stirring at 700 rpm to prepare the sol.
Upon heating the sol for about 20min at ~ 90 °C in a water bath with
constant stirring, the sol transformed to a deep brown coloured stable
viscous gel. The viscosity of the gel depends on the heating time and
temperature of the water bath. The pH of the gel was found to be ~ 1.5.
Subsequently, the synthesized gel was utilized for preparation of the
thin films.

Quartz substrates (Astro Optics, India) of dimension 40mm ×
40mm × 0.2mm were used for the deposition of vanadium oxide thin
films. Prior to the casting of thin films the substrates were cleaned se-
quentially for 5min each with ethanol and deionised water. The syn-
thesized gel was then spin coated over the dried substrates at various
rpm (e.g., 1000, 2000, 3000 and 4000) for 30 s. A semi-automatic spin
coater (Model No: 121014, Delta Scientific Equipment Pvt. Ltd.,
Kolkata, India) was utilized for this purpose. The thin films were sub-
sequently annealed with a heating rate of 3 °Cmin−1 for 1 h each in a
vacuum furnace (1.5× 10−5 mbar, Hind High Vacuum, India) at dif-
ferent temperatures of 350, 450, and 550 °C. The appearance of as-

Fig. 1. XRD patterns of vanadium oxide powders: (a) as-precipitated and (b) heat-treated
at 450 °C in air.
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grown film was yellow while the annealed film became bluish-black.

2.3. Phase analysis of powders and thin films

The phase analyses of the as-precipitated powder and post heat
treated powder along with as-deposited and vacuum-annealed thin
films were carried out by an X-ray diffractometer (X′pert Pro MPD,
PANalytical, The Netherlands, Cu Kα1, λ ~ 1.5414 Å, 40 kV, 35mA, 5°
≤ 2θ≤ 80°). The 2θ step and data acquisition rates were kept at e.g.,
0.05° min−1 and 0.5° min−1, respectively. The phase purities of the

vanadium oxide powders and film were analyzed by the corresponding
ICSD files.

2.4. Microstructural studies of powders and thin films

The microstructural characterizations of the as-precipitated and
post heat-treated powder along with as-deposited and vacuum annealed
thin films were carried out by FESEM (Supra VP35, Carl Zeiss,
Germany). To avoid charging a thin (e.g., 50–70 Å) film of carbon/gold
was deposited on the samples prior to insertion in the FESEM chamber.

Fig. 2. FESEM images of vanadium oxide powders: (a) as-precipitated and (b) heat-treated at 450 °C in air.

Fig. 3. TEM images of vanadium oxide powders: (a) as-precipitated and (b) heat-treated at 450 °C in air.

Fig. 4. XRD patterns of vanadium oxide thin films deposited at different rpm: (a) as-deposited and (b) annealed at 350 °C in vacuum.
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Further, microstructural characterizations of the as-precipitated and
heat-treated powders were also carried out by TEM (Tecnai G2 30, S-
Twin, 300 kV, FEI, The Netherlands). The thickness of the optimized
film grown by spin coating at 3000 rpm was measured by the non-
contact mode surface profilometry technique (3400E, Bruker, USA).

2.5. XPS study of thin films

XPS of as-deposited and annealed films were recorded with a SPECS
spectrometer using X-ray source of non-monochromatic Al Kα radiation
(1486.6 eV) operated at 150W (12 kV, 12.5mA). Survey spectra was
obtained with pass energy of 70 eV with step increment of 0.5 eV,
whereas individual spectra were recorded with pass energy and step
increment of 25 and 0.05 eV, respectively. V2p and O1s core level
spectra were curve-fitted with Gaussian-Lorentzian peaks after Shirley
background subtraction employing the Casa XPS program.

2.6. Thermo-optical and electrical characterizations of thin films

The average solar transmittance, reflectance and absorptance were
evaluated by the solar spectrum reflectometer (SSR) both in reflectance
and transmittance mode (SSR-E, Devices and Services Co., USA) as per
ASTM C1549-09. Further, the average IR emittance of the deposited
films on quartz was measured by an emissometer (AE, Devices and
Services Co., USA) using the standard ASTM C1371–04a. Average sheet
resistances of the films were examined by a portable two point re-
sistance probe meter (e.g., Model 152-1, Trek Inc., USA).

2.7. Nanomechanical characterizations of thin films

The nanomechanical properties e.g., nanohardness (H) and Young's
modulus (E) of the optimized films were evaluated by the na-
noindentation (TriboIndenter Ubi 700, Hysitron Inc., Minneapolis, MN,
USA) technique at six different loads (i.e., from 100 to 1000 μN) uti-
lizing a Berkovich diamond indenter. The load and depth resolutions of
the nanoindenter were 1 nN and 0.04 nm, respectively. The thermal
drift was kept at less than 0.05 nm s−1.

2.8. Studies of phase transition of thin films

The DSC (Q100, TA Instruments, USA) technique was used to study
the phase transition temperature of the vacuum annealed vanadium
oxide films. For this purpose, the experiments were conducted in a
helium environment. Also, in all the DSC experiments the heating rate
was kept constant as 10 °Cmin−1.

3. Results and discussion

3.1. Characterization of powders

3.1.1. X-ray diffraction analysis of powders
The XRD patterns of as-precipitated heat-treated powder are shown

in Fig. 1(a–b), respectively. The XRD data of the as-precipitated powder

Fig. 5. FESEM images of vanadium oxide thin films deposited at: (a) 2000, (b) 3000 and (4) 4000 rpm.

Fig. 6. Typical FESEM image of vanadium oxide thin films deposited at 3000 rpm and
subsequently annealed at 350 °C in vacuum.
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(Fig. 1a) was not very highly crystalline while those (Fig. 1b) of the
powder heat-treated at 450 °C showed highly crystalline nature. Ac-
cording to the standard data (ICSD colection code- 15984) the powder
was indexed as phase pure orthorhombic V2O5 (Fig. 1b). The major
peaks located in Fig. 1b at around 2θ values of e.g., ~ 15.35°, 20.26°,
21.69°, 26.12°, 31.01°, 32.34° and 34.29° indicated the presence of the

(200), (001), (101), (110), (400), (011), and (301) planes with the
corresponding inter-planar spacing of e.g., ~ 5.76, 4.37, 4.09, 3.40,
2.87, 2.76, and 2.61 Å, respectively. The minor peaks were also iden-
tified meticulously. The data along with lattice constants e.g.,
a=11.56 Å, b=3.5 Å and c=4.38 Å matched well with the standard
powder diffraction data (ICSD collection code- 15984).

3.1.2. Electron microscopy studies of powders
Fig. 2a represents the typical FESEM micrograph of the as-pre-

cipitated powder. The micrograph of Fig. 2a reveals typical self-as-
sembled agglomerated stacks of nano-rod like structures. This ag-
glomeration possibly took place due to presence of adsorbed water
molecules. Those nano-rods have a tendency to self-assemble further
and to stack up in a stochastic fashion in a layer by layer architecture to
form nano-rods of higher dimension upon heat treatment at higher
temperature. Fig. 2b represents surface morphological FESEM micro-
graph of the V2O5 powder heat-treated at 450 °C. It appears to indicate
regular stacking and unidirectional growth leading to the formation of
almost trapezoidal shaped particles.

A typical illustrative bright field TEM image of the as-precipitated
powder is shown in Fig. 3a. The micrograph reveals rod like structures
with typical average length of ~ 88 nm and diameter of ~ 10–20 nm.
However, nano-rods of even smaller and higher lengths were also
present in the assembly. Similarly, a typical illustrative bright field
image of V2O5 powder heat-treated at 450 °C is shown in Fig. 3b. The
micrograph reveals the presence of stacked V2O5 nano-rods with typical
average length of ~ 240 nm and diameter of ~ 140–200 nm. The heat
treatment allowed growth as well as side by side stacking of nano-rods
to generate agglomerated rods of higher dimensions which exactly
corroborates with the FESEM images discussed earlier in this study
(Fig. 2a–b).

Fig. 7. Curve-fitted V2p and O1s core level spectra of (a) as-deposited and vacuum-an-
nealed vanadium oxide thin films at (b) 350 °C and (c) 550 °C.

Table 1
Binding energies and relative peak areas of V species as obtained from V2p core level
spectra of as-deposited and heat-treated V2O5 films deposited by spin coating.

Films V species Binding energy of
V2p3/2 (eV)

Relative peak area
(%)

As-deposited V4+ 516.4 29
V5+ 517.2 71

Annealed at 350 °C V4+ 516.1 34
V5+ 517.2 66

Annealed at 550 °C V4+ 516.5 42
V5+ 517.3 58

Fig. 8. Effect of vacuum annealing temperatures on sheet resistance of the vanadium
oxide thin films deposited at 1000, 2000, 3000 and 4000 rpm.
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3.2. Characterization of the films

3.2.1. X-ray diffraction analysis of the films
Fig. 4a represents the XRD patterns recorded for as-deposited thin

films deposited on quartz substrates at various rpm viz., 1000, 2000,
3000 and 4000. The as-deposited thin films showed the presence of
crystalline V2O5, nH2O xerogel system revealing maximum intensity
peak along (001) plane that matched well with standard data (ICSD
collection code- 94905). Further, the XRD patterns of thin films sub-
sequently vacuum-annealed at 350 °C are shown in Fig. 4b. The va-
cuum-annealed thin films deposited at various rpm showed the pre-
sence of VO2 (ICSD collection code- 73855). Similar observations were
also found for film which had undergone vacuum heat treatments at
other temperatures. Thus, the presence of the VO2 was expected be-
cause other researchers [33,35,36] also had reported similar observa-
tions after annealing in vacuum.

3.2.2. FESEM studies of the thin films
Fig. 5(a-c) represents the typical FESEM micrographs of the as-de-

posited thin films grown on quartz substrates at different rpm e.g.,
2000, 3000 and 4000, respectively. The surface microstructure reveals
smooth, uniform, dense and grainy structures covering the entire sur-
faces of the corresponding quartz substrates.

Fig. 6 represents a typical microstructure of the film vacuum an-
nealed at 350 °C. The pronounced growth of nano-rod is observed
(Fig. 6). When the films are annealed at vacuum, the heat provided to
the substrate supplied activation energy to the granular particles. The
activation energy, in turn, helped the granular particles to initiate

preferred directional growth leading to the formation of nano-rods with
length of about 300–400 nm and diameter of about 65 nm.

3.2.3. XPS studies of the thin films
The typical illustrative V2p and O1s core level spectra of as-de-

posited, a low temperature (e.g., 350 °C) vacuum-annealed and a high
temperature (e.g., 550 °C) vacuum-annealed films are shown in Fig. 7(a-
c), respectively. Further, binding energies and relative peak areas of
vanadium species as obtained from V2p core level spectra of as-de-
posited and heat-treated vanadium oxide films are summarized in
Table 1. It is interesting to note that both as-deposited and vacuum-
annealed films show the presence of only V5+ and V4+ species. The
other phases of such as V2+ and V3+ are not present here which are
often found in literature for the films developed by sputtering based
techniques [10,11]. Further, the post annealing treatment in vacuum
shows increase in V4+ species as expected. This observation was also
well corroborated with the corresponding XRD data discussed in
Section 3.2.1. It is therefore conjectured that during vacuum annealing
process loosely bound oxygen atoms at the surface of the xerogel thin
films were basically coming out of the V2O5 moiety thereby undergoing
a reduction which, in turn, had resulted in a decrease in the state of
oxidation from V5+ to V4+, Fig. 7(a-c).

3.2.4. Sheet resistance of the thin films
The Rs values of the films deposited at different rpm viz., 1000,

2000, 3000, and 4000 are shown in Fig. 8 as a function of the post
annealing heat treatment temperatures in vacuum. The data provided
in Fig. 8 confirmed that for any given temperature of vacuum annealing

Fig. 9. Effect of vacuum annealing temperatures on (a) IR emittance, (b) solar transmittance, (c) solar reflectance and (d) solar absorptance of the vanadium oxide thin films deposited at
1000, 2000, 3000 and 4000 rpm.
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as well as for as-deposited condition, the Rs value of the vanadium
oxide thin films were increased with increase in rpm from 1000 to
4000. On the other hand, Rs was decreased with increase in post an-
nealing temperature because of increase in V4+ species which corro-
borated well with the data (Table 1) obtained from the XPS investiga-
tion, as discussed above. Thus, the significant reduction in oxidation
state of vanadium from V5+ to V4+ in post annealing condition gave
rise to enhancement in carrier density or oxygen vacancies in the films
which had, in turn, decreased the sheet resistance of the annealed films
[33,37,38].

3.2.5. Thermo-optical properties of thin films
IR emittance and optical properties such as solar transmittance,

reflectance and absorptance of the spin-coated thin films grown at
different rpm are shown as a function of vacuum annealing temperature
in Fig. 9(a-d), respectively. The IR emittance of the coated films were
almost similar to that (e.g., ~ 0.8) of the bare quartz. Further, no no-
teworthy alteration was observed while it measured either a low (glossy
metallic surface) or high (black surface) emitting standard surfaces
provided by the supplier. This observation supported the IR transpar-
ency behaviour of vanadium oxide [1] and it would become opaque
beyond the phase transition temperature.

Further, the thin films showed ~ 30–60% reduction in average
transmittance, ~ 10–16% increment in reflectance and ~ 22–58% in-
crement in absorptance with respect to the optical properties of bare
quartz. The magnitude of solar transmittance was measured to be the
highest e.g., 0.62 for the thin films deposited at 3000 rpm and was the
least e.g., 0.44 for the thin films deposited at 1000 rpm Further, the
variation in transmittance was not so systematic with respect to in-
crease in post annealing heat treatment temperatures in vacuum.

The magnitudes of reflectance were nearly similar (e.g., around
0.15–0.16) for the films deposited at 3000 and 4000 rpm and was the
least e.g., 0.12 for the film deposited by spin coating at 1000 rpm
(Fig. 9c). The maximum reflectance data e.g., ~ 0.22 was measured
after vacuum annealing at 350 °C for the films grown by spin coating at
3000 and 4000 rpm.

On the other hand, the lowest absorptance value e.g., 0.23 was
measured for the as-deposited film grown by spin coating at 3000 rpm
(Fig. 9d). Further, akin to the case of transmittance; the variation in
absorptance was not so systematic with respect to increase in post an-
nealing heat treatment temperatures in vacuum. Therefore, on the basis
of the lowest absorptance property with high transmittance value, the
spin coating of thin films at 3000 rpm was judiciously identified as the
optimized processing condition which would be beneficial from
spacecraft thermal control application point of view.

3.2.6. Thickness and nanomechanical properties of the optimized films
Fig. 10 represents a typical non-contact surface profilometry data of

thickness of as-deposited thin films grown at 3000 rpm which was
identified above as the optimized processing condition. The average
thickness value was evaluated as ~ 450 nm. To determine the structural
integrity of this process optimized vanadium oxide thin film, the na-
noindentation technique was utilized to evaluate the mechanical
properties. The variations in H and E as a function of different loads
(e.g., from 100 to 1000 μN) are shown in Fig. 11. Both the H and E
values are found to be constant at ~ 1.5 GPa and ~ 36 GPa, respec-
tively. The H and E data of dip-coated vanadium oxide films [39] are
reported to be 0.07 GPa and 2.31 GPa, respectively while sputtered
vanadium oxide film [1] show the H and E values of ~ 0.2 and 8.5 GPa,
respectively. Thus, the data measured in the present study for the spin-
coated vanadium oxide thin films suggested the presence of nano-
mechanical properties which were distinctly higher than those reported
in literature [3,39]. It is suggested that the superior nanomechanical
properties of the present oxide films could be linked to the presence of
high crystallinity (Fig. 4b) and nanostructured surface morphology
(Fig. 5b), respectively. However, further dedicated study of this aspect,
which is beyond the scope of the present work; should frame the scope
of our future work in this arena.

3.2.7. Phase transition properties of the thin films
DSC curves of bare quartz, thin films grown at an optimized rpm

(viz., 3000 rpm) and subsequently vacuum-annealed at 350, 450 and
550 °C are shown in Fig. 12(a-d), respectively. As expected, the bare
quartz substrate did not exhibit any signature of phase transition during
heating and cooling cycle (Fig. 12a). However, the most interesting and
promising observation is that the vacuum-annealed films on quartz
substrates showed the reversible phase transition in the temperature
regime of ~ 44–48 °C. This phase transition was quite stable as beyond
the transition temperature, no signatures of any phase transition was

Fig. 10. Thickness of a typical vanadium oxide thin film deposited at optimized process
condition of 3000 rpm.

Fig. 11. Plot of nanohardness and Young's modulus as a function of load for a typical
vanadium oxide thin film deposited at an optimized process condition of 3000 rpm.
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identified as the temperature was allowed to continuously rise up to as
high as e.g., 300 °C (plot not shown here), Fig. 12 (b-d). This observa-
tion further confirmed the stability of the present optimized condition
processed films up to 300 °C.

In all the cases for each film, three heating and three cooling cycles
had been deliberately carried out to examine the repeatability of the
phase transition. The transition peaks appeared to be almost overlapped
with each other, Fig. 12(b-d). This particular observation proved un-
doubtedly the repeatable and reversible phase transition behaviour of
the process optimized thin films.

Further, it is observed from the experimental data (Fig. 12b-d) that
in the heating cycles the phase transition peaks appeared at ~ 48 °C and
it reduced only marginally to ~ 44 °C during cooling cycles. These data
confirmed further that these films inherently had a low hysteresis loss.

Thus, in the present work, the lower transition temperature i.e., ~
44 to ~ 48 °C was measured (Fig. 12b-d). This transition temperature
was significantly lower than the transition temperature (i.e., 68 °C) of
pure and bulk VO2. The lower transition temperature of the present
spin-coated thin films on quartz substrates could be primarily linked
with the size effect [11]. Due to size effect, the significant reduction of
transition temperature e.g., 54 °C [40] and 29 °C [23,24] of pure single
layer VO2 film were observed by Balakrishnan et al. [40], Wang et al.
[23] and Hongwei et al. [24]. The introduction of interfacial and bi-
axial strain can also cause the decrease in transition temperature as
reported by Kittiwatanakul et al. [20] and Fan et al. [21]. From the XRD
data presented in Fig. 4b, it is observed that the intense characteristic
peak of VO2 is appeared at around 38.84° while ICSD standard pattern
showed the same at 38.02°. Further, the lattice strain of the present VO2

film is calculated as 0.0195 as compared to the standard ICSD VO2

pattern. Thus, the strained lattice is also a contributing factor for the
reduction of transition temperature observed in the present study. In
another report by Viswanath et al. [41] showed a noteworthy decrease
in phase transition temperature (up to 45 °C) of sandwiched VO2 film in
between two HfO2 layers on the Si substrate due to geometrical con-
finement and the subsequent stress relaxation. However, in the present
case, VO2 is deposited as single layer. Thus, it may be plausible to argue
that the present low transition temperature of VO2 film may arise due to
the combined effects of size and strained lattice.

The lower phase transition temperature of the present vanadium
oxide films make their candidature very promising and most suitable
for smart radiation device applications which could be utilized for
spacecraft thermal control.

4. Conclusions

Phase pure, crystalline and nano-structured V2O5 powder was suc-
cessfully synthesized using acid hydrolysis. Sol-gel spin coating tech-
nique was utilized to grow the vanadium oxide thin films on quartz and
the deposited thin films were subsequently vacuum-annealed at dif-
ferent temperatures. Through XPS studies only V5+ and V4+ species
were identified to be present in the current vanadium oxide films. On
the basis of the lowest absorptance property with high transmittance
value, the spin coating of thin films at 3000 rpm was judiciously
identified as the optimized processing condition which would be ben-
eficial from spacecraft thermal control application point of view.
Nanomechanical characterizations of the process optimized films re-
vealed nanohardness of ~ 1.5 GPa and Young's modulus of ~ 36 GPa
which were much higher than those reported for sol-gel based and

Fig. 12. DSC curves of (a) bare quartz and process optimized vanadium oxide thin films on quartz vacuum-annealed at (b) 350 °C, (c) 450 °C and (d) 550 °C.
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sputtered vanadium oxide films. The temperature dependent phase
transition characteristics of optimized vanadium oxide films were ex-
tensively studied. These results undoubtedly established that re-
producible, reversible phase transition occurred in the range of
44–48 °C. This was linked to the formation of VO2 during post an-
nealing in high vacuum. Finally, the reversible phase transition tem-
perature of the process optimized thin films was much lower than the
high phase transition temperature of 68 °C usually reported for bulk
VO2.
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