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Abstract Vanadium dioxide thin film nanostructures were synthesized by pulsed laser deposition on soda lime
glass at a substrate temperature of 600°C and an oxygen ambient pressure of 15 mTorr. The effect of cooling
pressure on the crystalline orientation of VO2 nanostructures was investigated. As the cooling oxygen pressure is
increased, the VO2 nanostructures exhibit sharp a-axis diffraction peaks, showing the growth of (1 0 0) oriented VO2
on glass, which is characteristic of the VO2 monoclinic phase and implies that pure highly a-axis textured VO2 was
formed. We found that the growth mechanism and substrate–film interaction play important roles in the
development of these well-textured films via the formation of an interlayer of SiO2.
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1. Introduction
Thermochromic materials [1] are characterized by
semiconductor-to-metal transition occurring from a reversible
change in their crystalline structure as a function of
temperature and voltage [2,3]. This change has been
observed in several phases of vanadium oxides. Vanadium
dioxide is a promising candidate for memristive, switchable
optical and metamaterial applications [4,5,6]. Under
temperature stimulus, it has a metal-to-insulator electronic
transition (MIT) along with an allotropic transition from
monoclinic VO2 (M) to a tetragonal rutile VO2 (R) lattice
[7-12]. In the high-quality single crystalline form of VO2,
the MIT occurs at the critical temperature of 340 K and
has a narrow hysteresis, but for physical vapor deposited
(PVD) films the critical temperature, the width of the
hysteresis loop, and the amplitude of the MIT depend
strongly on the film morphology and stoichiometry. PVD
films showing good thermochromic properties are
usually grown as VO2 (R) at around 600°C. This growth
temperature should result in Zone I or Zone II growth
according to the structure zone diagram of single-phase
PVD films proposed by Barna and Adamik [13] and
Petrov et al. [14] as well Adamik et al [15].

Zone I is characterized by adatom exchange between
grains, which results from adatom mobility. This process
is controlled by competitive grain according to Adamik
et al [15]. This growth finally gives a columnar-like
morphology, in which the grains have an increasing or
decreasing lateral diameter along the growth directions.
According to Adamik et al [15] some of these grains do
not extend through the whole thickness of the film.
Zone II is characterized by a morphology that is
influenced by bulk diffusion, where there is broadening of
grain size distribution. In this process the energetically
preferable grains grow in lateral directions at the expense
of the other less preferable grains, and the grain boundaries
remain parallel to the growth direction [13,14,15]. This
phenomenon is also referred to as grain boundary
migration, and it results in the scaling of the lateral grain
size with film thickness [13,14,15].
The excellent agreement between theory and experiments
regarding the growth of metal oxides nanostructures has
yielded strong evidence for efficient controlled growth
under low interfacial tension conditions. It has also
created great expectations for the future development of
nanomaterial devices and the optimization of their
physical properties. Moreover, when thermodynamic
stabilization is achieved, not only is the size tailored to
requirements but also both the shape and the crystallographic
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structure may be controlled. This controlled crystallographic
structure has important implications and quite often
modifies the physical properties of materials.
The change of texture in thin films growth is a process
governed by surface and interface energy. This process is
determined mainly in the developmental stages of film
formation when the ratio of surface interface to volume
is high. Consequently for different substrates, the surface
conditions can have a huge impact on the texture progression
of films grown on them.
According to Adamik et al. [15], there are two mechanisms
of texture development, which can be considered, and
known as restructuring and competitive growth of crystals.
Where in the competitive growth of crystals, small
randomly oriented crystals form on the substrate and the
texture change occurs after the film has become continuous.
The small grains that develop initially randomly orient the
structure of the film while growing and the texture changes
by the competitive growth of crystals with different
orientations. As a result of this process the film has an
inhomogeneous structure along its thickness [15].
Consequently, the substrate does not influence this kind of
texture evolution [15]. The development of texture through
restructuring begins when the grains initially amalgamate,
a stage related to grain boundary migration [13,14,15].
This process is governed by the temperature and condition
of the grain boundaries [15,16]. The main driver is the
surface energy and the substrate–film interface energy as
previously mentioned.
Following work on controlling the crystallographic
structure of VO2, Garry et al. [17] reported on a-axis
textured VO2 thin films deposited on R-plane sapphire;
they observed all the (1 0 0) planes of VO2. They
suggested that all the peaks observed resulted from stress
developed on the interface between the substrate and the
film. Chiu et al. [18] reported on VO2 thin films deposited
on a glass substrate and also on a 5 nm thick ZnO buffer
layer deposited on a glass substrate, both at 500°C. They
found that when a VO2 film was deposited directly on
glass substrates, polycrystalline VO2 films formed on the
amorphous substrate surface and showed a preferential
orientation along the (0 1 1) plane located at 27.87° in the
X-ray diffraction (XRD) chart. When VO2 thin films were
deposited under 5.33 and 6.67 Pa O2 pressure on a 5 nm
thick ZnO buffer, a polycrystalline randomly oriented VO2
thin film formed, and only VO2 (0 1 1) peaks located at
27.90o were observed. Their results reveal that b-axis
oriented VO2 film can be prepared under 1.33 Pa O2
ambient using a c-axis oriented ZnO buffer. They reported
[18] that the structure of VO2 thin films deposited on the
ZnO buffer was more sensitive to O2 pressure during
deposition. Even though the O2 pressure was controlled
within the range in which the pure VO2 phase could be
formed on a c-cut sapphire and glass substrate, the
crystalline orientation of the VO2 thin films was drastically
changed and formed the interface layer between VO2 and
ZnO. In their work Chui et al. [19] also proved that
single-crystal substrates are effective in obtaining VO2
thin films with a narrow hysteresis width, but they are
expensive and difficult to prepare on a large scale.
This communication reports on the control of the
synthesis of a-axis oriented and nanosized VO2 at a
substrate temperature of 600 0C by pulsed laser deposition

25

(PLD) on soda-lime glass substrate without any catalyst.
Soda-lime glass is used in everyday products and devices
such as solar cells, household mirrors, automobile glass,
and architectural building windows. Therefore, the focus
of our investigation is an interesting topic in thin film
growth for cost-effective optical applications, as the
physical properties of the films will depend strongly on
their texturation.

2. Experimental Details
Films were deposited on soda-lime glass substrate held
at a temperature of 600°C in 15 mTorr pure oxygen
pressure for a deposition time of 45 minutes. An excimer
laser, wavelength of 248 nm, fluence of 1.7 J/cm2, repetition
rate of 10 Hz, and 30 ns pulse duration, was incident on
the V metal target. The substrate–target distance was kept
at 65 mm and the laser was focused to ablate the offcenter of the rotating target. After deposition the samples
were cooled at different oxygen pressures ranging from
vacuum to 50 mTorr at a cooling rate of 25°C/min.
XRD data of the samples produced were collected on a
laboratory D8 ADVANCE powder diffractometer in
Bragg-Brentano geometry, operated at 40 kV and 40 mA
using a Cu Kα1 radiation.
The XRD patterns of the samples were recorded in the
range (2θ = 12°–80°) using a step size of 0.02° and a
counting time of 20 s per step, in each case without
moving the sample. The instrumental profile was obtained
experimentally by collecting the diffraction data of a
standard Al2O3 powder, fitting them with pseudo-Voigt
functions and parameterizing the trends of the full width at
half maximum (FWHM), as well as the shape parameters
as functions of 2θ according to the Caglioti expression
implemented in the PM2K software [20]. Qualitative
phase analysis (search match) was done using the
PANAlytical X'pert Highscore plus software employing
the ICDD PDF database.
The whole powder pattern modeling (WPPM) method
[21] implemented in the PM2K software [20] was
employed for the microstructural analysis. In addition to
the peak intensities, unit cell parameters and Chebyshev
coefficients polynomial background, the microstructure
parameters refined are the log-normal standard deviation
(σ), log-normal mean (µ), and log-normal distribution of
cuboidal crystalline domain size.
The surface morphology was characterized via a Nova
NanoSEM 230 scanning electron microscope (SEM) in
secondary electron mode to investigate the surface
morphology of the films after deposition. High-resolution
transmission electron microscopy (HRTEM) using a field
emission gun with an accelerating voltage of 200 kV in a
TECNAI F20 FEGTEM was employed to ascertain the
crystallinity of the structures of the interface layer. Raman
spectroscopy data on the synthesized samples were
collected using a T64000 micro-Raman spectrometer from
HORIBA Scientific (Jobin Yvon Technology), equipped
with a triple monochromator system to eliminate contributions
from the Rayleigh line. All the samples were analyzed
with a 514 nm argon excitation laser (12 mW at laser exit
to avoid thermal effects) and a X50 objective with recording
times ranging from 120 s and a resolution of 2 cm-1.
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3. Results and Discussion
Figure 1 shows the XRD patterns characteristic of VO2
thin films deposited on soda-lime glass substrate and
cooled down to room temperature at a rate of 25 oC/min at
different oxygen pressures ranging from vacuum to 50
mTorr. The patterns show peaks due to the VO2 thin layer
at angles of 18.48, 27.97, 37.18, 39.98, 55.72 and 57.048o.
Following the calculated pattern description of the
monoclinic structure of VO2 (JCPDS No: 43-1051),
these peaks can be indexed as the reflections on the (1 0 0),
(0 1 1), (2 0 0), (0 2 0), (2 1 1) and (0 2 2) planes
respectively. It can be seen that the four samples present
similar diffraction patterns and that the only difference lies
in the relative intensity of the diffraction peaks. As the
oxygen pressure increases, the intensity of the (1 0 0) and
(2 0 0) diffraction peaks increases, while the intensity of
the (0 1 1) peak decreases. This indicates an enhancement
of the texture of the VO2 thin films along the (1 0 0) plane
with the increasing oxygen pressure. This is clearly shown
in Figure 2 in which the intensity of the (0 1 1) peak
relative to the (1 0 0) peak is plotted as a function
of cooling pressure. However, in most cases only the
(2 0 0) and (4 0 0) peaks appear with a preferential
orientation along the (0 1 1) plane or b-axis orientation
[17,18,19,22,23].
(100)

(011)

The preferential orientation along the (1 0 0) plane in
our samples is not clearly understood. Garry et al. [17]
reported the same phenomena; they observed all the (h 0 0)
planes of VO2 thin films deposited on R-plane sapphire
but not on glass substrate, and suggested that the observation
of all the peaks might be due to stress developed at the
interface between the substrate and the film.
Compared with the standard data (JCPDS No. 43-1051),
the relative intensity of the (1 0 0) peak for the VO2
samples was stronger than those of the other peaks to an
extraordinary degree as shown in Figure 2, indicating that
the (1 0 0) planes are probably the preferred growth
direction of the VO2 nanorod-like crystals. This is
illustrated by the evolution of the crystallite size obtained
using the well-known Debye Scherrer formula, as
presented in Figure 3C and Figure 3D. Figure 3A and
Figure 3B show the evolution of the d-spacing as a
function of the cooling pressure along the (1 0 0) and (0 1
1) planes respectively. Fig. 3A shows a continuous, almost
linear decrease of the d-spacing along the (1 0 0) plane,
which may suggest that the films are under strain during
growth along the (1 0 0) direction. No peaks of any other
phases or impurities were observed at any oxygen cooling
pressure beyond 30 mTorr, demonstrating that VO2
nanostructures with high purity could be obtained using
the present synthetic process, where the control of the
cooling pressure served in a manner similar to an in situ
annealing process.
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Figure 1. XRD patterns characteristic of VO2 thin films deposited on
soda-lime glass substrate and cooled down to room temperature at a rate
of 50°C/min at different oxygen pressures

Figure 2. Evolution of the intensity of the VO2 (0 1 1) peak relative to
the (1 0 0) peak as a function of the cooling oxygen pressure
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The extra peaks in some of the samples indicated by (*)
for cooling pressures less than 30 mTorr may correspond
to the presence of minor phases and/or impurities. Lu et al.
[24] in their work on VO2 deposited on glass substrates
reported two peaks at 2θ = 12.1 and 2θ = 29.1, indicating
the presence of a small amount of NaxV2O5 (0.3<x>1.0)
phase in the VO2 films. Wang et al. [25] strongly concluded
that sodium ions would diffuse from a soda-lime substrate
to the film surface when sputter was performed at a
high substrate temperature (580°C in their experiment).
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However, more investigations are needed to reach a
definite conclusion on this particular point.
Figure 4 shows the evolution of the room temperature
lattice parameters as a function of the cooling pressure. The
reported values agree with those of the monoclinic structure
of VO2 (JCPDS No. 43-1051). The cooling pressure is seen
to have opposite effects when one looks at its influence on
the “c” and “b” lattice parameters, while its effect on the
“a” lattice parameter is to cause a slight increase before
dropping again at 50 mTorr of oxygen cooling pressure.

Figure 3. Evolution of: (a) the d(100)-spacing; (b) the d(011)-spacing; (c) the crystallite size along the (100) plane; (d) the crystallite size along the (0 1 1)
plane as a function of the cooling oxygen pressure
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Figure 4. Evolution of the lattice parameters as a function of the cooling oxygen pressure

Figure 5A illustrates the log-normal distribution of the
cuboidal crystallite domain size obtained using the whole
powder pattern modeling (WPPM) method. It can be seen
that the average cuboidal crystallite domain size increases
linearly with the oxygen cooling pressure (see Figure 5B).
To investigate the origin of the observed preferential
orientation and texturation in our VO2 thin films, we used
HRTEM for monitoring and analyzing the interface
between the substrate and the VO2 film and to further
backup our observations. Figure 6 is a typical HRTEM
image showing the analysis of the lattices in the interlayer
between the substrate and the film. It can be seen that the
d-spacing is about 5.57 Å, as indicated by two parallel

lines in the inset to the figure, which correspond to the
(1 1 0) plane of the SiO2 monoclinic crystals (JCPDS No.
76-1805). This indicates that the glass substrate has gone
through a surface crystallization process since the
substrate temperature deposition was higher than its
transition temperature, reported to be around 575°C.
Therefore it appears that a crystalline layer of SiO2
developed on the surface of the substrate before the film
was deposited and this induced elementary atomic
processes. This can also account for the global effects of
the atomic processes on the structure evolution in that
it created the structural preconditions for the VO2
texturation to take place [15].
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Figure 5. (a) Log-normal distribution of the cuboidal crystallites; (b) evolution of the average cuboidal crystallite size as a function of the cooling
oxygen pressure from WPPM

Figure 6. HRTEM lattice analysis of the VO2 films and substrate interface layers
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Figure 7. (a) EDX spectrum taken on the surface of the substrate (Inset: SEM image showing the interface between the VO2 film and the substrate; the
yellow dotted square shows where the EDX were taken); (b): EDX spectrum taken on the surface of the film (Inset: SEM image showing the interface
between the substrate and the VO2 film; the yellow dotted square shows where the EDX were taken)

Figure 8. Raman spectrum of the VO2 thin film cooled at different oxygen pressures
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To further investigate the origin of the preferential
orientation and the texturation, we conducted high-resolution
scanning electron micrograph (HRSEM) imaging of
the interface between the substrate and the VO2
films deposited, as well as energy-dispersive X-ray
spectroscopy (EDX) on the substrate and the VO2 films.
Figure 7a and Figure 7b present the EDX surface analysis
of the substrate and the film surfaces respectively, with
the insets to both figures showing the SEM images
corresponding to the spots where the measurements were
taken. These figures demonstrate V, O and other elements,
such as Na, coming from the substrate when the EDX
spectra were measured on the VO2 films, which is clearly
reported in Figure 7b, while the formation of SiO2 is
supported by the EDX results reported in Figure 7a. These
results shed light on the extra peak marked (*) which
could be attributed to the formation of a SiO2 interface
layer.
Figure 8 shows the room temperature Raman spectrographs
of the VO2 films deposited on the soda-lime glass substrate
and cooled to room temperature at different oxygen
pressures. All the VO2 thin films exhibit the same Raman
bands, as reported in the Table 1, except for the band
around 295 cm-1, which is observed clearly only on the
sample cooled at 50 mTorr. Fig. 8 clearly shows that,
three sharp peaks at around 142, 254 and 268 Cm-1, and a
boarder peak at 507 Cm-1 dominate the spectrum. The 507
and 417 cm-1 bands are attributed to a V-O-V stretching
mode, consistent with the medium range order. The mode
at 254 Cm-1 is a V-O-V bending mode, and the bands at
295, 218–208 and 144 are the external modes. The modes
observed around 117 and 268 cm-1 shown by the dotted
yellow circles in the figure correspond to SiO2 breathing
modes [26,27]. This concurs with the observations from
the HRTEM and EDX results and hence confirms the
interface layer formation of SiO2.
The positions of the major Raman peaks observed
here are in agreement with those of stoichiometric VO2
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reported by Cheng et al. [28] and Parker [29]. However,
when the oxygen cooling pressure is increased, the major
peaks are shifted. This is in agreement with the result of
surface oxidation of VO2 reported by Parker [29].
Therefore we further confirmed that surface oxidation
occurred when the VO2 films were cooled in an oxygen
atmosphere, becoming oxygen-rich when the cooling
oxygen pressure was increased.
The observed variation of the surface morphology of
the VO2 nanostructures with oxygen pressure as reported
in Figure 9 may be due to the nucleation of the glass
substrate, which occurs at around 575°C and is followed
by the process of crystallization of the VO2. This follows
the so-called “active fundamental structure-forming
phenomenon” which is well known in materials science
and solid-state physics (nucleation, crystal growth, grains
growth). The nanostructures observed at different cooling
oxygen pressures are certainly related to the so-called
“restructuring mechanism” [15] as we have described
above. This is supported by the evolution of crystalline
grain growth along the preferential structural growth path,
which is the (1 0 0) plane. The morphology and the
growth direction of these nanograins indicate that the
surface crystallization starts off in a preferential direction.
These results can be correlated with the SEM results as it
can be seen in Figure 9 that the growth of some of the
nanorods takes place parallel to the substrate surface, in
the same structural plane (1 0 0) which is the preferential
direction of plane growth suggested by the XRD results.
It is common knowledge that the growth of thin films
proceed through successive stages characterized by precise
processes of structure evolution, such as nucleation, island
growth, merging of islands, formation of polycrystalline
islands and channels, development of a continuous structure
and thickness growth [13,14,15]. The development of the
structure in polycrystalline thin films is a very complex
process and displays different features in different stages
of film growth [15].

Table 1. Raman spectrum data of the VO2 thin film at 300 K as a function of the cooling oxygen pressure

vacuum
117
142 Ag
218 Ag
_
255 Bg
268 Bg
_
_
_
417 Ag
_
_
_
508 Ag
_
_
-

15mTorr
117
142 Ag
214 Ag
_
255 Bg
268 Bg
_
_
_
417 Ag
_
_
_
508 Ag
_
-

Present work
300 K
30mTorr
117
142 Ag
211 Ag
_
255 Bg
268 Bg
_
_
417 Ag
_
_
_
507 Ag
_
_
-

50mTorr
119
144 Ag
208 Ag
_
254 Bg
269 Bg
295 Ag
_
_
417 Ag
_
_
_
507 Ag
_
_
-

Chun Cheng and al.[32]
300 K

Shell
Model

_
144 Ag
192 Ag
224 Ag
260 Bg
309 Bg
_
392 Ag
_
440 Bg
_
497 Ag
501 Ag
_
615 Ag
_
_
_

185 Bg
201 Ag
225 Ag
244 Bg
254 Ag
303 Ag
331 Bg
405 Bg
420 Ag
451 Ag
451 Bg
487 Bg
500 Ag
586 Ag
682 Ag
722 Bg
732 Ag
829 Bg
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Figure 9. 2D SEM images of the VO2 thin film samples as a function of the cooling oxygen pressure

Considering the structure development of real
polycrystalline thin films; the effects of the deposition
parameters on the structure and the appearance of
particular structural features, it can be concluded that a
comprehensive description of the formation of these
particular structural features is possible by following the
basic structure-forming phenomena well known in
materials science and solid-state physics (nucleation,
crystal growth, grain growth) [13,14,15,30,31,32,33,34].
These processes are composed of elementary atomic
processes, and can account for the global effects on the
structure evolution [15]. Imperatively the atomic processes
are governed directly not only by the temperature, but also
by the structural conditions characteristic of the actual
growth stage (structural preconditions include, for
example, the formation of an interlayer) [15].
It must be emphasized that by considering the
fundamental structure formation phenomena, both the
evolution of the size and morphology of the grains, and
the orientation of the crystals can be described. The
present results are supported by both SEM images and
XRD, and the evolution of the crystalline growth
parameters along the (1 0 0) plane shows that the growth
mechanism involved here is restructuring texturation.

pressures affects the crystal structure, grain size and shape
of VO2 grown via the pulsed laser deposition technique on
soda-lime glass substrate. A detailed description of the
growth mechanisms and the substrate–film interaction is
given. Results on the surface morphology, the grain
boundary structure and the texturation are also presented.
This study has shown that a-axis textured VO2 can be
grown on glass owing to the formation of an interface
layer of SiO2 which results from nucleation at a substrate
temperature of 600°C.

4. Conclusion

[2]

In this paper we have reported how the cooling of VO2
thin film samples after deposition at different oxygen

[3]
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