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The phase transition temperature of vanadium dioxide (VO,) thin films shifts to the vicinity of room temperature by reducing the dimensions
from microscale to nanoscale without the use of any dopant. This quantum size effect elucidated by studying the structural, optical and
electrical properties of nanothin and microthin films of VO, across their semiconductor—metal phase transitions has been demonstrated in
this reported work. The films fabricated on glass substrates via the inorganic sol-gel route were characterised by Rutherford backscattering
spectrometry (RBS), X-ray diffractometery, scanning electron microscopy, ultraviolet—visible spectroscopy and the four-probe method.
The RBS results estimate a layer thickness of 15 and 291 nm for nanothin and microthin films, respectively. The films were
polycrystalline in their nature of [011] orientation with regular and irregular crystallites of a cuboidal surface morphology. Estimation of
crystallite size revealed that nanothin films attain poor crystallinity as compared with microthin films. The blue shift was observed in
nanothin films from microthin films as maximum absorption occurred at wavelengths of 360 and 443 nm, respectively. Optical bandgaps
of 2.3 and 1.87 eV were found for nanothin and microthin films, respectively. Depletion in metal-to-semiconductor and semiconductor-to-
metal transition temperatures were experienced from higher temperature regimes of 341 and 335K for microthin films to lower
temperature regimes of 319 and 305 K for nanothin films, respectively.

1. Introduction: The quantum size effect becomes predominant
when matter miniaturises to the nanoscale thereby drastically
affecting the optical, electrical and structural behaviour of
materials. The cause of these radical changes stem from exciting
quantum and surface phenomena that matter exhibits at the
nanoscale where quantisation of energy for the electrons becomes
extremely relevant.

Vanadium dioxide (VO,) has been one of the most studied
correlated electron systems that undergoes a temperature-driven
first-order reversible semiconductor-to-metal transition (SMT) at a
temperatures of about 68°C. It has closer propinquity to ambient
temperature than that of any other reported compound with thermo-
chromic behaviour [1]. During phase transition dynamics, the crystal
structure of VO, transforms from low-temperature monoclinic
phase (M, P»,/c) into high-temperature tetragonal rutile phase (R,
P,o/mnm) [2]. The foremost characteristics of this structural phase
transition consists of two distinct features: dimerisation of V-V
chains along the rutile c-axis, and anti-ferroelectric distortion of
V-V pairs towards the apex oxygen atoms [3]. The metal-insulator
transition in VO, is referred to as a simultaneous Mott—Peierls tran-
sition due to an electronic Mott mechanism and thermal Peierls tran-
sition [4]. Above SMT, VO, exhibits metallic behaviour, whereas
below SMT it demonstrates semiconducting behaviour [5-6].

The phase transition accompanied by an abrupt change in the
electrical resistivity also undergoes rapid variations in its optical
properties in the near-infrared region ranging between 0.8 and
2.2 um [6]. Usually, single crystals get damaged due to thermal ex-
pansion across the phase transition during repeated thermal cycling
but VO, thin films sustain damage all along the thermal cycling
process. This has made it viable for a diverse range of applications
like energy conserving coatings [7, 8], temperature sensors [9],
thermo-optical switches [10], thermo-optical light modulators
[11], energy storage media [12] and variable reflectance mirrors
[13]. However, in most of the foregoing applications, it has
become vital that the phase transition temperature of VO, thin
films be reduced to near ambient. Enormous efforts have been
made to shift the phase transition temperature to the proximity of
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room temperature. Elemental doping has been employed as an ef-
fective technique to modify the phase transition temperature of
VO, thin films [12-19].

Doping with high-valent cations (Nb>*, Ta®*, W®*, Mo®") gener-
ates donor-like defects that decrease the transition temperature,
whereas doping with low-valent cations (A", Cr**, Fe**) generates
acceptor-like defects that increase the transition temperature. As an
example, W-doping in VO, thin films reduces the phase transition
temperature to 45.15°C.

Devoid of doping, the semiconductor-metal phase transition
temperatures of VO, thin films can be tuned to lower values by
reducing the grain size of crystallites. The contour of the resist-
ance—temperature hysteresis in the phase transition dynamics
depends on the grain size of the crystallites. On the onehand,
VO, crystals exhibit a marginal hysteresis width of <1°C, while
on the other, VO, thin films depict hysteresis widths of the order
of 10-15°C, and in nanofilms the hysteresis widths may grow
even larger [20-24]. However, the fabrication of VO, stoichiometry
thin films has not been a straightforward task because other van-
adium oxides such as V,0;, V305 and V,05 also produce stable
structures in analogous conditions during VO, growth [25].
Therefore, to deposit VO, thin films on various substrates, many
physical and chemical procedures have been reported such as
sol-gel [26], chemical vapour deposition [27], anodic oxidation
[28], magnetron sputtering [29] and laser ablation [30]. A compara-
tive study of the properties of VO, thin films on different substrates
demonstrates that local inhomogeneities, crystallite size and the
distribution of crystallite size play a crucial role in the dynamics
of the phase transition besides influencing the width and slope of
its hysteresis loop [31].

As arecompense of high purity, superior homogeneity and excel-
lent stoichiometry, the sol-gel process has emerged as an approach
of paramount importance to deposit VO, thin films on a substrate
[26, 32]. However, the organic sol-gel method relies on remarkably
expensive and typically unstable vanadium alkoxides as precursors.
Evading this drawback, the inorganic sol-gel route has been
employed for the first time, to the best knowledge of the authors,
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using vanadium pentaoxide (V,0s) powder and hydrogen peroxide
(H»0,) as primary precursors.

In this Letter, we report a comprehensive study of nanothin films
and microthin films of VO, based on analytic evaluation via the
measurement of the structural, optical and electrical properties
across their semiconductor-to-metal and metal-to-semiconductor
transitions to elucidate how phase transition temperature plunges
towards room temperature by plummeting its dimensions from
microscale to nanoscale.

Nanothin and microthin VO, films were grown on amorphous
glass substrates using V,05 powder and H,O, as starting precursors
through the inorganic sol—gel process. No peaks corresponding to
any impurity were established which specify that the films were
of high phase purity, and no peaks corresponding to other oxides
of vanadium were recognised which established that the main
chemical composition of the films was homogeneous. Maximum
energy absorption has been observed at wavelengths of 360 and
443 nm for nanothin and microthin films, respectively, which
demonstrated the occurrence of a blue shift in nanothin films.
Rutherford backscattering spectrometry (RBS) analysis estimated
a thickness of VO, layers of 15 and 291 nm for nanothin films
and microthin films, respectively.

A low phase transition temperature of about 319 K for VO,
nanothin films compared with 341 K for microthin films has been
realised. A broad transition with a large resistance—temperature
hysteresis loop of 30K was observed between the
semiconductor-to-metal and metal-to-semiconductor transitions
for nanothin films, whereas for microthin films, it was just 12 K.
The optical bandgap widened from 1.87 eV for microthin to 2.30
eV for nanothin films.

2. Film fabrication: Films of assorted thickness were fabricated by
dissolving 0.3 g of V,05 (Sigma Aldrich, purity >99.9%) in 30 ml
of 30% H,O, solution (Sigma Aldrich) at room temperature amid
vigorous stirring till a clear yellow solution was formed. The
yellow solution was subsequently heated to 60°C with continuous
stirring to evolve excess oxygen by the decomposition of H,O,
which right away transformed into a red-brown viscous gel. After
aging for 24 h, the V,05 gel was employed for coating of the
thin films. The reaction mechanism is specified as follows [29]

V,0; + 2H,0, — 2HVO, + H,0 (1)
2HVO, + (n — 1)H,0 — V,05 - nH,0 + 0, @)

The spin coater (Apexiclndia spinNXG-P1) was used to cast thin
films on ultraclean high-quality glass substrates. Prior to
deposition, the glass substrates were boiled in dilute sulphuric
acid for 30 min followed by meticulous rinsing with ethanol,
acetone and deionised water. Nanothin films of V,05 gel were
deposited on glass substrates by single coating at a spin rate of
6000 rpm for 30 s and dried up at 80°C for 20 min on a hotplate.
Microthin films were fabricated by repeating the above-mentioned
process ten times. These V,0s films were crystallised and
reduced to VO, by annealing at 450°C for 4 h in a mixture of
argon (95%) and hydrogen (5%) inside a programmable tubular
furnace (Nabertherm GmbH Tube furnace: RHTCS80) with a

heating and cooling rate of 3°C min™".

3. Characterisation: X-ray diffractometery (XRD) was performed
to characterise the phase purity and analyse the crystal structure of
the films by using a Bruker D8 Advance diffractometer (Cu-K,,
radiation) at room temperature in the 26 range of 20-70°. The
optical measurements were carried out by means of an ultraviolet—
visible (UV-Vis) spectrophotometer (Pharma  Spec-1700,
Shimadzu Corporation). The stoichiometry, thickness and
uniformity of the thin films were explored by RBS with He" ions
of energy 2 MeV. The surface morphology of the films was probed
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using a scanning electron microscope (MIRA II LMH, TESCAN).
A standard four-probe setup fitted with a lakeshore temperature
controller and a Keithley 2612A system sourcemeter was used to
establish the temperature dependence of the resistivity of the films.

4. RBS studies: Since vanadium oxides do exhibit a wide range of
stochiometries, RBS measurements with a simulation program
(SIMNRA) were used to determine the thickness, composition
and distribution of V and O elements in the vanadium oxide
layers of the films. Fig. 1 depicts the experimental spectra along
with the simulated RBS spectra of the nanothin and microthin
VO, films. The O/V ratio for both films was 2, which falls within
the simulation error range, thereby indicating the good
stochiometries of both films.

The thickness of the VO, layers was found to be about 15 and
291 nm, respectively. The simulated results of films obtained from
the SIMNRA program are summarised in Table 1. The RBS
results reveal that no contamination was incorporated during the
process of film deposition. The other elements displayed in the
simulation Table are merely ingredients of the glass substrate.

5. XRD analysis: Fig. 2 displays the XRD pattern of the nanothin
and microthin films. The diffraction peaks of both films can
be indexed to a monoclinic symmetry of VO, (JCPDS Card No.
43-1051, space group P2,/c). No peaks corresponding to any
impurity were ascertained, which specify that the films were of
high phase purity, and no peaks corresponding to other oxides of
vanadium were identified, which confirmed that the main
chemical composition of the films was homogeneous. As is
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Figure 1 Experimental and simulated RBS spectra of VO, films
a Nanothin
b Microthin
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Table 1 Simulation results of nanothin and microthin VO, films

Film layer Nanothin film Microthin film
Thickness composition Thickness composition
VO, film 15 nm V=0.333 291 nm V=0.333
0=0.666 0=0.666
glass substrate 5 um 0=0.600 5 um 0=0.600
Si=0.250 Si=0.250
B=0.090 B=0.090
Na=0.100 Na=0.100
Al=0.010 Al=0.010
Ca=0.030 Ca=0.030
Mg=0.010 Mg=0.010

clearly observable in the XRD patterns of both films, a strong
peak appearing at 27.72° corresponds to VO, (011) reflection, and
two low intensity peaks at 39.5° and 57.63° correspond to
reflections from VO, (200) and VO, (220), respectively. In
addition to these three peaks, the microthin films contain two more
peaks at 44° and 55.5°, that can be assigned to reflections from the
(210) and (211) planes, respectively. Despite the existence of other
out-of-plane orientations, the high intensity peak (011) when
compared with other peaks indicates that VO, prefers to align
along (011) on glass substrate in view of the fact that the (011)
plane has the low-energy plane of the monoclinic phase of VO, [30].

Table 2 shows the average crystal size (D), specific surface area
() and microstrain (g) estimated from the XRD analysis of the VO,
thin films at the main intensity (011) peak. The average crystallite
size was calculated from the Debye-Scherrer formula, D=KA/
Bcosb, and the specific surface area was found from the relationship,
S§'=6/pD, and the microstrain was estimated from the equation, £ =
B/4tan, where K is the Scherer constant, A is the wavelength of the
Cu-K,, radiation, g is the full-width at half maximum of the XRD
lines, 6 is the Bragg diffraction angle and p is the material
density [33]. It has been verified that nanothin films acquire poor
crystalline with large strain as compared with microthin films.
The poor crystallinity of nanothin films can be ascribed to the
paucity of ample material available for the growth of nuclei follow-
ing the nucleation of the monoclinic phase once films were cooled
under sub-phase transition temperature post-annealing.

6. SEM investigations: Fig. 3 portrays the SEM micrographs of the
VO, thin films. Uneven crystallites of exceedingly varying sizes
were visibly apparent on the surface of nanothin films, whereas
these were diverse sizes of cuboidal coiled crystallites veneer on
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Figure 2 XRD spectra of VO, films
a Nanothin b Microthin
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Table 2 Average crystal size (D), specific surface area (S) and microstrain
(&) estimated from XRD analysis of VO, thin films

VO, films D, nm S, ng’l ex107*
nanothin 16 67 88
microthin 82 13 18

the microthin films. The range of grain size has grown wider in
respect of nanothin films. Augmentation of dissimilar sized
crystallites may be due to the heterogeneous nucleation of the
semiconducting monoclinic phase of VO, during past-annealing
cooling of the films to room temperature. The existence of
asymmetrical sized crystallites in nanothin film loads to its
inferior porosity with the minor grains acting as fillers wrapping
the inter-granular space between the major ones. Furthermore,
detectable tiny cracks develop on the surface of nanothin films.
These fissures may have originated as a result of the contraction
of gel during the annealing process due to the temperature
gradient. The insets of the micrographs also show the histograms
of the films plotted by measuring the distribution of grain sizes
from their corresponding micrographs. The typical crystallite
sizes determined from histograms by Lorentz curve fitting were
reckoned to be 40.19 and 175.79 nm, respectively.

7. UV-Vis spectroscopy: Fig. 4 displays the UV—Vis absorption
spectra of the VO, films. Maximum energy absorption has been
observed to take place at wavelengths of 360 and 443 nm for
nanothin and microthin films, respectively; thereby demonstrating
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Figure 3 SEM micrographs of VO, films
a Nanothin

b Microthin

Insets show corresponding histograms

609
© The Institution of Engineering and Technology 2015



0.7
Faa ‘ '
§ 0.5 j 3 Y,
s Y -
2044 3
R Y
0.3
400 500 600 700
A, nm
a

0.8

absorption

400 500 600 700

Figure 4 UV-Vis absorption spectra of VO, films
a Nanothin
b Microthin

the occurrence of a blue shift in the nanothin films. The optical
energy bandgap (E,) of the films has been determined from the
absorption spectra with the help of the Tauc relationship, ahv=
A(hv—Eg)", where o is the absorption coefficient, / is the Plank’s
constant, v is the incident photon frequency, 4 is the transition
probability dependent constant and n is the optical absorption
related index having a value of 1/2 for the allowed direct
bandgap semiconductor (VO,) [33]. Tauc plots drawn for (ahv)*
against 4v provided an excellent linear relationship for both films.
An energy band representation of the VO, semiconductor
(monoclinic phase) is shown in Fig. 5. The electronic band
structure comprised a lower occupied (O 2p) energy band and a
system of upper energy bands. The upper band system was
formed as a result of the anti-bonding of the (V 3d) orbital which
consists of an occupied (V 3d) band positioned below the Fermi

‘ v dl*l band

| Vdl | band |

O 2p band

Figure 5 Energy band representation of VO, semiconductor
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Figure 6 Resistivity against temperature of VO, films
a Nanothin
b Microthin

energy level, and an unoccupied (V 3d) band placed above the
Fermi energy level. On the basis of this band structure, the
optical transition can be segregated into two categories: 2p—3d
inter-band transition and 3d-3d intra-band transition [34].

Using the Tauc equation, the values of the optical bandgap cor-
responding to 2p—3d inter-band transition for nanothin and micro-
thin films were found to be 2.30 and 1.87 eV, respectively. The
optical bandgap corresponding to 2p—3d inter-band transition for
nanothin films was higher than the calculated values, whereas for
microthin films it was in accordance with the theoretically calcu-
lated values [35]. This broadening of the bandgap in nanofilms
can be expressed by the equation, Enano==E +h*/{8u(d/2)}*—
1.8¢%/{(d/2)} [36], where d is the average particle size, u the
reduced mass due to electron and hole effective masses and € the
semiconductor dielectric constant.

The second term on the right side of the equation represents the
particle in a box like quantum localised energy and has 1/d* de-
pendence for both the electron and the hole. The third term repre-
sents the Coulomb energy with 1/d dependence. In the nanolimit
(d <100 nm), the second term of the equation dominates in com-
parison to the third term and thus explains the bandgap broadening
in the nanothin film.

8. Four-probe scrutiny: VO, nanothin films and microthin films
were evaluated for electrical properties by establishing their
dependence of electrical resistivity on temperature using a
standard four-probe method. The temperature of the films was
primarily increased in steps from 280 to 380 K, and subsequently
reduced to 280 K. Fig. 6 exhibits the electrical resistivity against
temperature for the films. The phase transition behaviour of VO,
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nanothin films differs from VO, microthin films. As is obvious
from the graphs, metal-to-semiconductor and semiconductor-to-
metal transitions undergo a paradigm shift to lower temperature
values of 319 and 305 K for nanothin films from the higher
temperature values of 341 and 335K for microthin films,
respectively. As a matter of fact, a broad transition with a large
hysteresis as much as 30K was observed between the
semiconductor-to-metal and metal-to-semiconductor transitions
for nanothin films, whereas for microthin films it was barely 12
K. It was also observed that the electrical resistivity in the
semiconducting phase was higher in nanothin films in
comparison to microthin films. The cause of the lowering of the
phase transition in nanothin films may be due to an increased
number of atoms distributed randomly at grain boundaries,
resulting in a large surface and interface ratio. The rationale was
that the smaller grain sizes damage the characteristic zigzag
chains of V-V pairs that resulted in destabilisation of the
low-temperature phase and lead to the decrease of the transition
temperature. The lowering of the transition temperature in
nanothin films can be understood with the help of the Mott-
Hubbard system in which the U/W ratio, between the electron—
electron Coulomb interaction (U) and the one-electron bandwidth
(W), is an important parameter to control the properties; the
system remains metallic to U/W <1 and becomes insulating once
U/W>1 [37-43]. The sturdy spatial confinement of electronic
wave functions in the VO, nanograin illustrates that electronic
interaction U enhances as the average grain size diminishes. The
larger value tends to stabilise the semiconducting phase in films,
but at the same time W/ increases at a much faster rate as the
thickness decreases, making U/W smaller for nanothin films
compared with microthin films. This implies that the SMT was
fairly likely to occur in nanothin films, thus being quite
consistent with our experimental results. Moreover, the
thermodynamic method based on the Laplace-Young equation
predicts that the decrease in phase transition temperature can be
expressed as, AT=T—T,=Ca(2y/r), where T and T, are the
phase transition temperatures of microcrystals and corresponding
nanocrystal related to the size (r), respectively, C 1is the
proportionality constant, « is the parameter related to the
transition temperature and y is the surface tension [44].

The broadening of the resistance—temperature hysteresis loop in
the nanothin films can be due to meager potent defects that are
characteristics of grain boundaries and grain size. The smaller the
grain size, the fewer will be the potent defects and hence the
broader will be the hysteresis loop as only fewer available potent
defects can nucleate heterogeneous SMI transition [45]. The nar-
rowing of the hysteresis loop with increasing the size of nanoparti-
cles stands clearly verified in VO, [24]. Furthermore, poor
interconnectivity due to gaps between nanocrystals can also be re-
sponsible for broad transition with a large hysteresis in nanothin
films. This broadening of the hysteresis loop in crystalline nanothin
films is well in accordance with the thermodynamical model [45].

9. Conclusion: VO, undergoes a temperature-driven first-order
reversible SMT at a temperature of about 68°C. For many
applications, the phase transition temperature of VO, thin films
needs to be reduced to close to room temperature. This can be
realised through the so-called quantum size effect by plunging the
grain size of crystallites in the films to the nanoscale, which has
been confirmed by the study of the structural, optical and
electrical properties of nanothin and microthin films of VO,
across their semiconductor-to-metal phase transitions.

Nanothin and microthin VO, films were grown on amorphous
glass substrates using V,05 powder and H,O, as starting precursors
by the inorganic sol-gel method for the first time. No peaks
corresponding to any impurity were ascertained, which specifies
that the films were of high phase purity, and no peaks corresponding
to other oxides of vanadium were identified, which established that
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the main chemical composition of the films was homogeneous.
Maximum energy absorption has been observed to take place at
wavelengths of 360 and 443 nm for nanothin and microthin films,
respectively, therein demonstrating the occurrence of a blue shift
in nanothin films. RBS studies revealed a thickness of the VO,
layer to be about 15 and 291 nm, respectively. The values of the
optical bandgap for nanothin and microthin films were found to
be 2.30 and 1.87 eV, respectively.

Here, low phase transition temperatures of 319 and 341 K have
been demonstrated for VO, nanothin and microthin films, respect-
ively. A broad transition with a large hysteresis of 30 and 12 K was
observed between the SMT and MST for nanothin and microthin
films, respectively. The prominent hysteresis and low SMT tem-
perature leads to the restructuring of the monoclinic phase in the
nanodimensions that have prospective application for thermo-
coating, optical switching and bolometric applications. The broad-
ening of the optical bandgap in the semiconducting phase noticed
in crystalline VO, nanothin films was attributed to the quantum
confinement effect.
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