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Vanadium dioxide (VO,) thin films were prepared on c-sapphire substrates by using an easy sol-gel
method and sequential vacuum annealing process. The effects of annealing time on the structure,
morphology and phase transition properties were investigated. The results show that, with the extended
annealing time from 1 h to 7 h, the films have transformed from V,05 to V305, and then VO,. The VO, thin
films prepared with the annealing time of 4 h or 7 h display good phase transition property with the
resistance change up to 3 orders of magnitude. Furthermore, the 7 h-sintered film has better growth
orient, bigger grain size and lower phase transition temperature comparing with the 4 h-sintered film.
It is suggested that, the prolonged annealing treatment will be in favor of the crystal film quality and
enhance the related phase transition property for the solution-based VO, films. Based on the Raman
results, we have discussed the possible reactions and evolution mechanisms during the VO, film
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preparation with different annealing time.
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1. Introduction

It is well known that VO, films undergo a metal-insulator
transition (MIT) at a critical temperature (T.) close to room temper-
ature, accompanied by abrupt variations in electrical resistivity,
optical transmittance, and reflectance in the infrared region
[1-3]. These properties make them suitable for technological appli-
cations such as smart windows, temperature sensors, gas molecule
sensors, solid-state battery cathode, electrical and optical switch-
ing devices [4-6].

Up to now, various methods such as chemical deposition, pulse
laser deposition and magnetron sputter [7-11], have been
employed for preparing VO, thin films. Among them, the sol-gel
method has been proved to be one of the most convenient routes
to synthesize VO, thin films, if considering the advantages such
as low cost, large area deposition, and feasibility of metal-doping
[12,13]. However, it is very difficult to obtain highly oriented VO,
thin films by using the sol-gel method, due to the multi- valance
state of V ions and the various VO, phase structures [12]. During
the VO, preparation by sol-gel, the annealing parameters,
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including the vacuum pressure, annealing time and heating rate,
are crucial for the quality of the film and the final vanadium
valence state. Among them, the annealing time has a remarkable
effect on the crystalline structure, the morphology and the grain
size distribution, which further effects the phase transition proper-
ties of the prepared VO, films. It is reported that VO, thin films can
be prepared by the reduction of V,0s. For example, Wang et al. [ 14]
synthesized VO, thin films by post-annealing treatment in a vac-
uum environment of 1.2 x 10~ Pa and an annealing temperature
of 750 °C; while Wang et al. [15] obtained VO, films in a vacuum
pressure of 1072 Pa and an annealing temperature between
420 °C and 500 °C. For these cases, the experimental vacuum pres-
sure is quite high and the Turbo molecular pump is always needed
for the annealing system, which seriously limits their applications.
In the recent study, we have prepared VO, films at a rougher
vacuum of ~5 Pa with a simple vacuum pump [16], and found that
the vanadium valence state were closely associated with the
process parameters. Meanwhile, we proposed a self-reduction
reaction mechanism for the vanadium oxide formation, which
indicated that the reducer came from the decomposition of the ori-
ginal precursors. However, up to our knowledge, the systematic
investigation about the annealing time influence on the structural
and phase transition properties of VO, thin films is still not
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documented in the literatures. The reaction mechanism, especially
for the annealing treatment in a low vacuum condition, still needs
further experimental investigations.

In this study, VO, thin films have been prepared by sol-gel
method at a low annealing temperature of 430 °C. The results show
that the annealing time has a significant influence on the crystal
structure, the morphology and the grain size, which further
impacts their phase transition properties. Furthermore, the
proposed self-reduction reaction mechanism for the VO, film prep-
aration during the annealing process is experimentally revealed by
the related Raman results.

2. Experimental

VO, thin films were grown on Al,03(0001) substrates by using a sol-gel
method and sequential annealing process, similar to previous publication [16].
Initially, the vanadyl triisopropoxide (VO(OCsH;);) was dissolved in isopropanol
after vigorous stirring to form an uniform solution with the concentration of
0.12 M, and the films were spin-coated on Al,05(0001) substrates at 200 rpm for
5s and 2000 rpm for another 20s. Then the coated films were dried at 250 °C in
air for 3 min to drive off the excess solvent, forming the VO, precursor films. The
further reduction to V#* could be only achieved by the subsequent annealing in a
tube furnace at 430 °C for various annealing times with a rough vacuum atmo-
sphere (~5 Pa). After the annealing treatment, the obtained precursor gel films
were finally crystallized into VO,. The average thickness of films was measured
to be about 50 nm by using spectroscopic ellipsometry at room temperature.

The crystalline structure of the film samples were characterized by an X-ray
diffractometer (XRD, Cu K, Rigaku D/MAX2500V). The Raman spectra were
recorded at room temperature by using a confocal-microscope Raman spectrometer
(Ar* laser, 514.5 nm, LabRAM HR) with a spectral resolution of about 2 cm~'. The
surface morphologies and the particle structures of the films were investigated
by atomic force microscopy (AFM, CSPM4000). The temperature-dependent resis-
tance (R-T curve) was measured by a home-made four-probe measurement system
with a variable temperature sample stage.

3. Results and discussion
3.1. Results of XRD measurements

Fig 1 shows the 0-20 XRD patterns of the VO, thin films depos-
ited on c-sapphire with different annealing time of 1 h, 2 h,4 h, 7 h,
respectively. Besides the Al,03(0006) substrate peak, all films
have only one or two diffraction peaks, showing preferred oriented
growth. It is observed that after 1 h of annealing at 430 °C, the
precursor gel film is transformed to V,03 compound with a
(006) diffraction peak located at 38.8°. As the annealing time is
prolonged to 2h, the peak of V305(312) appears instead of
V,03(006); while a weak peak of VO,(020) is also observed at
260 =39.8°, indicating the formation of VO, compound. When the
annealing time is up to 4h, a well (020) oriented VO, crystal
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Fig. 1. XRD patterns of VO, films grown on Al;03(0001) substrates with different
annealing times.

emerges, and a weak VO,(01 1) diffraction located at 27.8° is also
observed. As the annealing time is further extended to 7 h, the
V0O,(020) peak becomes more distinct and stronger while the
VO,(011) peak is weaker than that of the 4 h-sintered film, indi-
cating that the 7 h-sintered film has a further improved crystalline
with the (020) growth orientation .

To examine the variations of grain sizes with annealing time,
we analyzed the diffraction peak position and FWHM by Gauss
fitting, and calculated the grain sizes by using the Scherrer’s equa-
tion. The results show that, with the varied annealing time from
1h to 7 h, the grain sizes are about 15 nm, 7 nm, 29 nm, 33 nm,
respectively. The FWHM of (02 0) peak for 7 h-sintered film is only
0.25°, indicating a high crystalline quality. According to Brassard’s
report [17], the grain size has a direct correlation with its MIT
property. The corresponding influence will be specifically dis-
cussed in subsequent analysis.

3.2. Surface morphology

Fig. 2 shows the AFM images of prepared specimens with vari-
ous annealing time. It can be seen that, the annealing time has a
great influence on the surface morphology and microstructure of
the films. As shown in Fig. 2(a), the 1 h-sintered film has some
aligned stripes and grooves formed on the surface, which should
be mainly resulted from the spin-coating process. In addition, there
are no obvious particle structure to be found, suggesting that the
film is mainly composed of some amorphous substance, which is
consistent with smaller grain size of V,03; from XRD. When the
annealing time is prolonged to 2 h in Fig. 2(b), the stripe-shaped
grooves disappear and the film surface becomes much flatter.
The surface roughness of 2 h-sintered film is measured to be about
2.5 nm, indicating the prolonged annealing time can effectively
smooth the film surface. It should be noticed that the particle
structure of 2 h-sintered film is still not clear, which may be asso-
ciated with the chemical reaction occurred inside the film sample.
This chemical reaction is also reflected by the variation of the dif-
fraction peak location from XRD measurements. As the annealing
time is further extended to 4 h (Fig. 2(c)), we can observe some
clear and dense grains structure, corresponding to the presence
of VO, formation, which is confirmed from the clear (02 0) diffrac-
tion peak from XRD. From this graph, the particle size can be mea-
sured to be about 95 nm, which is larger than the obtained value
(29 nm) from XRD, suggesting that the small nano-crystals are
agglomerated together to form larger particles. Thus the observed
particles on the sample surface from AFM images are actually com-
posed of several small grains.

Finally, when the annealing time is prolonged from 4h to 7 h
(Fig. 2(d)), the mean particle size is increased from 95 nm to
153 nm, suggesting that longer annealing time favor the formation
of larger particles. The particle sizes from AFM is larger than that
from XRD result by Scherrer’s equation, indicating that the overall
particle size measured by AFM shows the grains agglomeration
whereas XRD measurement only gives an mean grain size. The
above phenomena can be explained as follows: firstly, for the
annealing time of 4 h, the diffusion of atoms is encouraged and
the atoms of vanadium and oxygen react sufficiently to form VO,
compound. As the film was annealed with much longer annealing
time of 7 h, the recombination of VO, molecules makes the compo-
sition in partial area relatively uniform during thermal diffusion,
resulting in the larger particle sizes of thin films.

3.3. Raman measurements
Fig. 3 shows the Raman spectra of films with various annealing

time of 1h, 2 h, 4 h, and 7 h, respectively. It can be seen that, the
films with annealing times of 4 h and 7 h have good M-VO, Raman
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Fig. 2. Topographic AFM (2 x 2 um) of VO, samples annealed under vacuum pressure of ~5 Pa at 430 °C with annealing times of 1h (a), 2h (b), 4h (c) and 7 h (d),
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Fig. 3. Raman spectra for films with various annealing times of 1 h, 2h, 4h, 7 h,
respectively. The Raman shifts for M-VO, are marked with numbers, and those for
carbon and Al,03 are marked with arrows as well.

modes. The corresponding peaks are centered at 145, 196, 224,
262, 312, 339, 392, 444, 500, 616, and 826 cm™!, respectively,
which is consistent with previous literatures [18,19]. Here the
measurement accuracy of Raman shifts is about +2 cm~'. Further-
more, besides the above-described VO, peaks, no other vanadium
oxides such as V,03 and V,05 are detected, indicating that the crys-
tal phase for the obtained specimens is quite pure. In comparison,
the film with annealing time of 7 h has sharper peaks than that of
4 h, indicating that prolonged annealing time is more favorable for
the crystallization of VO, films.

It is also observed that, there are no sharp and obvious peaks in
Raman spectra for the samples sintered within 1 h and 2 h, which
may be associated with the metal property of these films at room

temperature. In addition, two significant shifts located at 1386 and
1598 cm™! are observed, which are usually attributed to the
vibration of carbon atoms with dangling bond for the in-plain
terminated disordered graphite [20,21]. The appearance of these
two Raman shifts indicates the presence of a certain amount of
carbon in the films, which is ascribed to the decomposition of
the (VO(OC3H>)3) precursor. With the extending of annealing time
to 4 h and then 7 h, the signal of carbon disappears and the crystal-
lized VO, films are obtained. This result strongly support the self-
reduction mechanism proposed in our previous report [16], and
the presence of V3* in XRD experiment is satisfactorily explained.
Typically, the precursor containing V°* can be reduced to V4" at
the vacuum degree of 102 Pa [15]. But, in this work, the highly
oriented VO, films can be obtained at vacuum degree of ~5 Pa,
indicating that this reduction mechanism is beneficial for reducing
the vacuum requirements during the annealing process.

In addition, for the 1 h-sintered film two weak peaks located at
419 and 752 cm ! are observed, which corresponds to the signal of
Al,03 substrate according to Wu's report [18]. The appearance of
this signal can be explained that, the surface grooves confirmed
by AFM make the substrate signals easy to be detected. However,
when the annealing time is prolonged to 2 h, the surface grooves
are effectively repair and the film became flat, thus the Raman sig-
nal from substrate are absent.

3.4. Temperature-dependent resistance measurement

Fig. 4 shows the electrical property of VO, films as the function
of temperature. Regardless of their high crystallinity shown in XRD
data, the resistance curves of the films with the annealing time of
4 h and 7 h show obvious hysteresis properties, and the resistance
changes across the phase transition is over three orders of magni-
tude. In general, for monoclinic VO, films, the semiconductor
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Fig. 4. (a) The temperature dependence of electrical resistance for the VO, films prepared with annealing times of (a) 4 h and (b) 7 h. The corresponding differential curves of

both heating and cooling segment are shown on the insets.

characteristics at low temperature leads to the electrical resistance
decreases exponentially with the rising temperature; while the
metal characteristics at high temperature side results in the linear
increase of resistance as the temperature rises. The prepared film
with annealing time of 7 h is exactly in line with the above case,
showing a metal characteristics in high temperature side. Thus it
is verified that we do have prepared a single-phase VO,. While
the resistance for the 4 h-sintered film reduces with the drop of
temperature at the high temperature side, similar to the resistance
characteristics of a semiconductor, indicating the film contains a
small amount of V>* (e.g. V,0s). For this case, the resistance change
with temperature exhibits semiconductor characteristics, which
would affect the resistance variation for M-VO,. Since there are
no other vanadium oxides, expect VO,, in the 4 h-sintered VO,
films from the XRD or Raman spectra, we can speculate that some
amorphous V°* species existed in the films. Though the amount of
V5" species is quite tiny, it still has a considerable effect on the
electrical properties of the 4 h-sintered VO, films. According to
previous reports [22,23], the content of V°* may be derived from
surface oxidization either in the annealing process or during stor-
age in air. The fact that 4 h-sintered film is more easily oxidized
should be related to its smaller particle size confirmed by AFM
measurements.

In order to facilitate further comparisons, the differential
logoR-T curves are also displayed in the inset of Fig. 4, and two
main differences are found. Firstly, the T, values for both films
are 59.6 °C and 58.1 °C, which is much lower than the correspond-
ing bulk value (68 °C) of VO,. The reason can be explained as the
following. The VO, obtained at the current annealing conditions
(5Pa,430°C) is in a hypoxic state, e.g. V:0 > 1:2, which leads to
the appearance of oxygen vacancies and increases the concentra-
tion of V3*. According previous reports [24], these extra electrons
induced by V3* in films would decrease the m* bands level and
reduce the gap, resulting in the drop of T.. In comparison, the
7 h-sintered film has lower T. than 4 h-sintered film. Combined
with the results of XRD and AFM, we believe that the higher grain
orientation and distinct aggregation lead to the propagation of
phase transition between grains becomes easier, reducing the
value of T, in a limited degree. Second, the transition width for
the 7 h-sintered film is 6.5 °C, lower than that for the 4 h-sintered
film (7.4 °C). According to the literatures [25,26], the transition
width is related to the degree of oriented crystallization (or
misorientation between adjacent grains), and grain size. Thus we

speculate that, the fact that the film with 7 h annealing corre-
sponds to narrower transition width are basically resulted from
the larger grain size and better growth orientation confirmed by
XRD.

4. Conclusions

In conclusion, we have studied the effect of annealing time on
the structural and phase transition properties for VO, thin films
by sol-gel method. As the annealing time is prolonging from 1 h
to 7 h, the films has transformed from V,0;3; to V305, and then
VO,. Both the V,05; and V305 thin films, with annealing time of
1 h and 2 h respectively, display small crystalline sizes of 15 nm
and 7 nm; while the thin films of VO, prepared with 4 h and 7 h
show good phase transition property, with the resistance changes
up to three orders of magnitude, phase transition width of 7.4 °C
and 6.5 °C respectively. It is suggested that prolonged annealing
time is beneficial for the formation of VO, films with better growth
orientation, larger grain size and smaller transition width.
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