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Nanocrystalline VO2 thin films were deposited onto glass slides by direct current magnetron sputtering and post-

oxidation. These films undergo semiconductor–metal transition at 70 ◦C, accompanied by a resistance drop of two

magnitude orders. The crystal structures and surface morphologies of the VO2 films were characterized by x-ray

diffraction (XRD) and atomic force microscope (AFM), respectively. Results reveal that the average grain size of VO2

nanograins measured by XRD is smaller than those measured by AFM. In addition, Raman characterization indicates

that stoichiometric VO2 and oxygen-rich VO2 phases coexist in the films, which is supported by x-ray photoelectron

spectroscopy (XPS) results. Finally, the optical properties of the VO2 films in UV-visible range were also evaluated.

The optical band gap corresponding to 2p–3d inter-band transition was deduced according to the transmission and

reflection spectra. And the deduced value, Eopt2p−3d = 1.81 eV, is in good agreement with that previously obtained

by theoretical calculation.
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1. Introduction

Vanadium dioxide (VO2, the space group is P21/c

below 68 ◦C[1]) exhibits a reversible semiconductor-
metal transition (SMT) at 68 ◦C, accompanied by
an abrupt change in optical, magnetic and electri-
cal properties. Owing to the unique physical prop-
erties, VO2 has been extensively studied experimen-
tally and theoretically over the past decades since
1959.[2] From a practical perspective, vanadium diox-
ide shows great potential in a wide variety of appli-
cations, such as smart windows,[3] memory devices,[4]

infrared detectors,[5] field effect transistor,[6] etc.
As is well known, some physical properties of crys-

tals become greatly different from those of the bulk
when the dimensions are in nanometer scale. So does
vanadium dioxide. In the past decade, nanostruc-
tured VO2 films have drawn a great deal of atten-
tion, because they exhibited distinct noticeable phys-
ical properties. Gentle et al.[7] deposited nanograin
VO2 thin films onto optically polished super-white
glass by direct current (DC) magnetron sputtering
at 450 ◦C. They found that thin films of nanograin

vanadium dioxide in the metallic phase can combine
very strong plasmonic response and a complete optical
switch to the metal phase at transition temperature,
with an incomplete switch in DC response. These
cannot be found in large crystals or large grain size
films. Wang et al.[8] grew nanocrystalline VO2 thin
films on Si3N4 surface by reactive ion beam sput-
tering and annealing in argon atmosphere at 450 ◦C
for 60 min, and they found that the nanostructure
films exhibited a phase transition temperature at 34–
48 ◦C, which is much lower than that of single crys-
tal VO2. Wang et al.[9] reported that a large-scale
array of aligned VO2 nanorods with a large optical
band gap of 2.7 eV can be grown on silicon substrate.
In applications, nanostructured VO2 used in optical
switching,[10] microbolometer,[11] and photocatalyst[9]

showed high performance.
In this paper, we prepared nanocrystalline VO2

thin films on glass slides and investigated the electri-
cal and optical properties. However, the vanadium–
oxygen system is very complex due to the multivalent
vanadium ions,[12] V+, V2+, V3+, V4+ and V5+; thus
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it is quite difficult to control the composition precisely
in the depositing process. For VO2 thin film prepara-
tion, especially, deposition parameters are controlled
carefully using various depositing methods, such as
magnetron reactive sputtering, pulsed laser deposi-
tion, reactive ion beam sputtering, reactive evapo-
ration, etc. In the case of DC magnetron reactive
sputtering, target poisoning may occur during the
deposition,[13] resulting in sputtering rate sharply de-
creasing. We overcame these disadvantages by a two-
step method. First, we prepared metallic vanadium
thin films by a common DC magnetron sputtering,
and then the films were post-oxidized in-situ, through
which nanocrystalline VO2 thin films were successfully
produced.

2. Experimental details

Nanocrystalline VO2 thin film was deposited by
DC magnetron sputtering and post-oxidation. Glass
slides (with dimensions of 22×22×1.1 mm3) were used
as the substrates. These substrates were first rubbed
with cotton in diluted detergent solution, and then
were ultrasonically cleaned in ethanol and acetone for
15 min, respectively. After that, the substrates were
rinsed by deionized water thoroughly. Finally, the
cleaned substrates were dried by N2 gas, and then
loaded into the vacuum chamber. After the sputtering
chamber was evacuated by a turbo-molecular pump-
ing down to an initial pressure of 2 × 10−3 Pa, Ar
(99.999%) was introduced into the vacuum chamber,
and then a DC power of 81 W was used to generate the
glow discharge, the surface of vanadium target (99.99
%) was cleaned by pre-sputtering in Ar atmosphere for
20 min. After that, vanadium layers without oxygen
content were deposited on the substrates by sputter-
ing from the cleaned V target in the ultra-pure Ar
(O2/Ar ratio = 0%) atmosphere. During the deposit-
ing process, the deposition temperature was controlled
at 70 ◦C automatically by a PID (Proportional Inte-
gral Differential) temperature controller. After depo-
sition, the samples were annealed in the deposition
chamber at 300 ◦C in ultra-pure oxygen (99.9999%)
of 1.6 Pa for 45 min. The microstructures and physi-
cal properties of thin films were studied by employing
several techniques afterwards.

The colours of thin films visible on glass slide
substrates are yellow green. The film thicknesses are
about 270 nm, which were measured by cross-section
scanning electron microscope (SEM, JSM-5900LV)

images. The square resistance–temperature curves
of the samples were measured by using four-point
probe equipped with a heater. The x-ray diffraction
(XRD, Philip X Pert MPD with copper x-ray source,
(λ = 1.5406 Å, (1 Å = 0.1 nm)) was employed to char-
acterize the crystal structures. The surface morpholo-
gies of the films were characterized by atomic force
microscope (AFM, SPA400 SER). The information
of surface composition was acquired by using x-ray
photoelectron spectroscopy (XPS, XSAM800). The
transmittance and reflectance spectra were measured
using UV-visible spectrophotometer (Pharma Spec-
1700, Shimadzu Corporation).

3. Results and discussion

Figure 1 shows the XRD pattern in θ–2θ configu-
ration between 10◦ and 80◦ for investigating the struc-
ture of the thin film prepared by sputtering and in-
situ post-annealing. As can be seen clearly, two XRD
peaks appear at 2θ = 27.90◦ and 2θ = 57.69◦, respec-
tively. These can be attributed to the (011) and (022)
reflections of VO2 monoclinic phase.[14] Furthermore,
according to the peak width at 2θ = 27.90◦, the value
of average VO2 grain size can be estimated by using
Scherrer formula[15]

t = 0.9λ/(β cos θB), (1)

where t is the average crystallite size, λ = 1.542 Å—
Cu-Kα radiation wavelength, β is the value of full
width at half maximum (FWHM), θB is the Bragg
angle. Putting the value of FWHM (0.4401◦) into
Eq. (1), the average crystallite size of VO2 is esti-
mated to be about 18 nm. This indicates that the
sizes of VO2 grains are in nanometer scale.

Fig. 1. XRD pattern of sample. The broad XRD peak in

the region of 15–38 ◦C is due to the amorphous structure

of glass substrate.
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The surface morphologies of nanocrystalline VO2

thin films are characterized by AFM, as presented in
Fig. 2. It can be seen clearly that small particles grow
vertically on the surface of substrate. The value of rms
(square mean plane roughness) is 2.17 nm. This corre-
sponds to rms-to-thickness ratio of 0.8%, indicating a
smooth surface of the film. In addition, the sphere ra-
dius of particles in Fig. 2 is measured to be 35±10 nm,

suggesting that fine particles of nanometer-scale can
be grown by sputtering and post-oxidation. On the
other hand, we notice that the particle size obtained
by AFM measurement is larger than the average size
of VO2 nanograins estimated by XRD. This suggests
that VO2 nanograin is a portion of a particle, and
the other portion contains vanadium oxides of other
vanadium ions, such as V5+, V3+, etc.

Fig. 2. Two-dimensional (left) and three-dimensional (right) AFM 2 × 2 µm2 images of nanocrystalline VO2 film.

The room-temperature Raman scattering (RS)
spectra of samples is shown in Fig. 3. As can be
seen, the peaks are broad and diffuse. This is at-
tributed to the nanostructure of the film. The peak
at 1000 cm−1 is associated with the V5+ = O stretch-
ing mode related to the Ag symmetric vibrations of
the shortest vanadium–oxygen bond.[16,17] The broad
peak at about 225 cm−1 is assigned to the low fre-
quency modes of VO2. A fit of this broad peak is
shown in the inset to clarify the position of sepa-
rated peaks and the detailed data are recorded in Ta-
ble 1. In comparison of the previous Raman studies
of stoichiometric[18,19] and oxygen rich VO2,[19,20] it
is found that the low frequency modes of nanocrys-
talline VO2 thin film in the present work can be di-
vided into two groups. Group I contains modes of
221 cm−1, 259 cm−1 corresponding to the stoichio-
metric VO2 phase, and group II contains modes of
204 cm−1, 240 cm−1, 278 cm−1, 306 cm−1 due to
oxygen rich VO2 phase. On the other hand, V5+ =
O mode can be observed in RS spectra, and this sug-
gests that some of vanadium atoms were oxidized to

V5+ after post-oxidation, supporting the RS modes of
group II.

Fig. 3. Raman spectrum of nanocrystalline VO2 film mea-

sured at room temperature. Inset: A fitted Raman spec-

trum in the range of 180 cm−1 to 330 cm−1.

XPS is a powerful tool giving quantitative infor-
mation about the chemical composition of sample sur-
face. In this work, XPS analysis was applied to the
investigation of the chemical composition of nanocrys-
talline VO2 thin film. Figure 4 displays V 2p and O 1s

106103-3



Chin. Phys. B Vol. 19, No. 10 (2010) 106103

core level spectra of our samples, and the V 2p3/2 and
V 2p1/2 peaks caused by the spin–orbit splitting have
been fitted with mixed Lorentzian–Gaussian profiles
after subtraction of a Shirley function using software
XPSpeak4.1. Details of the fitted V 2p lines, such
as binding energy (BE), area (background corrected
area under the photoelectron emission lines) are given
in Table 2. The results reveal that three kinds of vana-
dium ions exist in the film, and the concentration of
V5+ ions is the highest. This indicates that, even af-
ter the post-annealing in the oxygen atmosphere, the
vanadium atoms in the film surface layer were not all
oxidized to the ions of highest valence state, namely

V5+. The distribution of ion-concentration can be ex-

plained on the basis of diffusion and oxidation as fol-

lows. When the oxygen atoms are adsorbed by the

nanocrystalline VO2 film, two types of atomic con-

centration gradients are formed. One originates from

the oxygen atoms attempting to diffuse into the in-

ner portion of the film, and the other is attributed to

the metallic vanadium atoms trying to diffuse to the

surface. As a result, V5+ ions on the surface are re-

duced due to the diffusing metallic vanadium atoms,

and hence a mixture of vanadium ions of different va-

lence states is formed.

Table 1. Comparison of the Raman data previously reported. All values are in unit cm−1.

present single crystal stoichiometric single oxygen rich single oxygen rich

work VO2
[18] crystal VO2

[19] crystal VO2
[19] VO2 films[20]

204 199 191 202 201

221 225 223

240 232 226

259 259 262 266 272

278 265

306 313 310 305 295

Table 2. Binding energy (BE) and area of the fitted V 2p lines of the nanocrystalline VO2 film.

V5+ 2p3/2 V4+ 2p3/2 V3+ 2p3/2 V5+ 2p1/2 V4+ 2p1/2 V3+ 2p1/2

BE/eV 517.5 516.2 514.8 525.2 523.6 522.0

Area 2967.1 1930.9 932.9 1190.3 988.3 584.4

Fig. 4. XPS spectra of nanocrystalline VO2 film.

In order to investigate the electrical property of
nanocrystalline VO2 thin films, we mounted the sam-
ples on a flat heater, and then placed four-point probe
at the film surface, the temperature was measured
from room temperature (RT = 26 ◦C) to 84 ◦C us-

ing a thermocouple with a measurement accuracy of
0.1 ◦C. Square resistance–temperature (Rsq–T ) curve
of the nanocrystalline VO2 film is plotted in Fig. 5. It
can be seen that, in the temperature range of 26 ◦C
to 66 ◦C, Rsq–T curve shows good linearity, indicating
a typical semiconducting phase, and then a resistance
drop of two orders occurs when the film undergoes
semiconductor–metal transition (SMT) at 70 ◦C. This
SMT amplitude is about 2–3 orders lower than that
of single crystal VO2, due to the small VO2 grains
of nanometer scale. It is interesting to note that the
transition temperature (TSMT = 70 ◦C obtained from
the derivative of Rsq–T curve) is slightly higher than
the previously reported value, typical 67 ◦C. This can
be attributed to the stress effect[21] associated with
the lattice mismatch between the stoichiometric VO2

and oxygen-rich VO2 phases. Temperature coefficient
of resistance (TCR) is an important parameter in ap-
plications, for instance, infrared detector and temper-
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ature sensor. Based on the curve provided by Fig. 5,
we can calculate TCR according to the relation.

TCR =
1

Rsq

dRsq

dT
. (2)

We obtain the TCR at room temperature (RT =
26 ◦C) of the sample as: TCR = −3.5%/◦C. This
TCR value is much higher than that of nanocrystalline
VO2 thin film prepared using sputtering and oxidation
by Wang et al.[22]

Fig. 5. Square resistance as a function of tempera-

ture of nanocrystalline VO2 film. (a) Rsq–T curve, (b)

Rsq/RsqRT ratio versus temperature.

Fig. 6. Optical transmission and reflection spectra of

nanocrystalline VO2 films.

The room temperature UV-visible transmission
and reflection spectra of nanocrystalline VO2 thin
films are shown in Fig. 6. As can be seen, the film
exhibits low absorption in the wavelength region 650–
1100 nm, and the transmittance decreases sharply
for wavelengths below 600 nm. A shoulder can be
observed at about 500 nm, in comparison with the
hollow-shape transmission spectra measured by Lin et
al.[23] According to the reflection spectra, it can be

believed that this shoulder is attributed to the de-
structive interference of light reflected from the two
interfaces in the air-nanocrystalline VO2-glass system.

The optical band gap (Eopt) corresponds to the
minimum energy difference between the valence and
conduction bands in electronic transition. Accord-
ing to the inter-band absorption theory, the optical
band gap of film can be evaluated by the relations as
follows:[24]

Tr = (1−R)2 exp(−αd)/[1−R2 exp(−2αd)]

≈ (1−R)2 exp(−αd), (3)

(αhν) = B(hν − Eopt)n, (4)

where Tr is the transmittance, R the reflectance, α

the absorption coefficient, d the film thickness, hν the
incident photon energy, B the edge width parame-
ter, n the exponent; and n can take the values of 2, 3,
1/2, 3/2 for different electronic transitions as indirect-
allowed, indirect-forbidden, direct-allowed and direct-
forbidden transitions, respectively. Figure 7 shows the
plot of (αhν)1/2 versus hν of the film. It is found that

Fig. 7. Plot of (αhν)1/2 versus photon energy of nanocrys-

talline VO2 films.

Fig. 8. Schematic energy band system of semiconducting

VO2.[25]
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experimental data fit better when n is 2, suggesting
the indirect-allowed transition. The electronic band
structure of VO2 contains a lower occupied O 2p band,
and the upper band system is formed by anti-bonding
V 3d orbital. The V 3d band system consists of an oc-
cupied V 3d band below the Fermi level and an unoc-
cupied V 3d band above the Fermi level. A schematic
energy band diagram of semiconducting VO2 is shown
in Fig. 8. Based on the band structure, the optical
transitions in the wavelength of UV-visible region can
be divided into two types: 2p–3d inter-band transi-
tion and 3d–3d intra-band transition.[25] According to
Eq. (4), the value of optical band gap corresponding
to 2p–3d inter-band transition is Eopt2p−3d = 1.81 eV.
This value is in good agreement with that theoretically
calculated by Caruthers et al.[26] They reported that
the top of the occupied O 2p band is located at 1.8 eV
below the bottom of the unoccupied V 3d band.

4. Conclusions

In this paper, we have shown that nanocrystalline
VO2 thin films could be prepared by DC magnetron
sputtering and post-oxidation. The Rsq–T curve of
the films shows typical semiconducting property be-
low 66 ◦C and exhibits a resistance drop of two orders
when the film undergoes semiconductor–metal transi-
tion at 70 ◦C. The TCR value in the semiconducting
phase is TCR = −3.5%/◦C. Raman and XPS re-
sults reveal that the nanocrystalline VO2 films consist
of stoichiometric VO2 and oxygen-rich VO2 phases.
The results of optical measurement indicate that 2p–
3d inter-band transition occurs as the incident UV-
visible photons are absorbed by the film. The value
of optical band gap deduced from transmission and
reflection spectra is Eopt2p−3d = 1.81 eV, which is in
good agreement with the previously theoretical calcu-
lation.
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