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a b s t r a c t
Thermochromic VO2 ﬁlms were synthesized on glass substrates by reactive magnetron deposition
(Tdep = 200 °C) and following annealing (Tann = 300 °C). The proposed method of synthesis results in formation of the highly ordered monoclinical vanadium dioxide structure. The transition from the monoclinic to
the tetragonal phase is accompanied by 50 times reduction of transmittance in the infrared region.
Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

Vanadium dioxide has attracted the interest because of its thermochromic semiconductor-to-metal transition (SMT) that exhibits large
changes in infrared optical properties and in the electrical resistivity.
The nature of this transition was related to the crystal structure transformation from monoclinic (below critical temperature of transition —
Tt ~ 68 °C) to tetragonal [1]. VO2 thin ﬁlms are excellent materials for
technological applications such as thermochromic coating [2], ultrafast
switching devices [3], sensors and micromechanical systems [4–5], etc.
A great number of methods are used for VO2 deposition [4,6–9], but
most if not all of them have the problem of co-deposition of other vanadium oxides (VO, V2O3, V2O5) [9–11], which causes degradation of thermochromic ﬁlms properties. Mainly, vanadium dioxide ﬁlm deposition is
made at 450–500 °C for VO2 phase crystallization [2,8–9]. To improve
crystallinity and thermochromic parameters, additional annealings are
also used [7,10–11]. Unfortunately, high temperature in the process of
ﬁlm formation increases probability of other vanadium oxides nucleation
(enthalpy of formation ΔH V2O5 =−1557 cal/mole, ΔH V2O3 =
−1219 cal/mole, ΔH VO2 =−713 cal/mole) and enhances mechanical
stresses due to different values of thermal expansion coefﬁcients α for
ﬁlm and substrate (αVO2 =2.1×10− 5/°C, αglass =3.3−8.5×10− 6/°C).
In this work, we propose the low-temperature method for formation of thermochromic nanocrystalline VO2 ﬁlms.

in O2–Ar gas mixture. The deposition chamber was pumped down to
about 3 × 10− 6 Torr before the gas mixture inﬂow. The amount of “reactive” oxygen in the sputtering chamber depends on 1) power applied on
vanadium target 2) oxygen ﬂow and 3) pumping speed. If the sputtering rate is high (high applied power) as well as pumping speed is high
then the oxygen ﬂow is also high: otherwise the target will drop into
“metallic” mode. In order to keep the target in transition mode, the
working point was stabilized by monitoring the target voltage.
It was found that the optimum deposition parameters were 5% of
O2 in Ar at a total gas pressure of 3 mTorr, magnetron power 70 W,
and the substrate temperature close to 200 °C. The target-substrate
distance was 6.5 cm. The thickness of ﬁlms was measured with the
help of proﬁlometer Alpha-step 100. For samples described in article
the ﬁlm thicknesses were typically about 100 ± 10 nm and deposition
rate was 0.175 nm/s.
After deposition, the ﬁlms were cooled down to the room temperature in the vacuum chamber. The deposited ﬁlms were further annealed
at 300 °C in air for their crystallization. Composition of the deposited
VOx ﬁlms determined using Auger electron spectroscopy: the x value
was 1.9 ± 0.05 before and 2.05 ± 0.05 after annealing.
The crystalline structure and phase transitions of the ﬁlms were examined at 20 and 90 °C by X-ray diffraction. Glancing incidence angle
(1°) of X-ray diffraction (GIXRD) was carried out using X'Pert Pro
MPD diffractometer with the CuKα wavelength (λ = 0.15418 nm).

2. Experimental

3. Results and discussion

We have deposited VO2 thin ﬁlms onto glass substrates by reactive
DC magnetron sputtering of pure metallic vanadium target (99.96%)

In the GIXRD spectra of as-deposited ﬁlms (before annealing),
there are no diffraction peaks, which is indicative of their amorphous
nature (Fig. 1, bottom line). However, as it is shown in Fig. 1, as a result
of crystallization after annealing the ﬁlms exhibit a polycrystalline
structure that matches to monoclinic VO2 phase with the following
cell parameters: a = 0.573 nm, b = 0.452 nm, c = 0.539 nm, β= 122.7°
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⁎ Corresponding author.
E-mail address: nikirin_viktor@mail.ru (V. Nikirin).

0167-577X/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2011.10.075

Author's personal copy
216

V. Melnik et al. / Materials Letters 68 (2012) 215–217

Fig. 1. Glancing angle X-ray diffraction of VO2 thin ﬁlms at 20 and 90 °C. Peaks from the reference VO2 phase are denoted as black bar (monoclinic [12]) and red bar (tetragonal [13]).
Dashed blue line (bottom line) — ﬁlm after deposition, before annealing. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

Fig. 2. Temperature dependence of the speciﬁc resistance for synthesized VO2 ﬁlms
(dashed line — ﬁlm before annealing) at heating and cooling.

[12]. It has to be emphasized that no other vanadium oxide phases have
been observed by XRD pattern analysis and the exclusive formation of
single-phase VO2 ﬁlms is realized. Moreover, the Bragg peaks from
planes with different Milller indexes and their intensity ratio correlated
with those measured in reference samples [12]. This fact explicitly indicates on non-textured high ordered monoclinic VO2 phase formation.
By considering that the broadening of Bragg peaks results from pure
size effects, the crystal sizes were directly deduced from the full width
at half maximum (βhkl) of the peaks. The mean size of crystallites

(d) calculated using the classical Scherrer formula (dhkl ¼ β 0;9⋅λ
) was
hkl ⋅ cosθ
about 16± 4 nm.
Measurements of the GIXRD spectra of the synthesized ﬁlms at the
temperature close to 90° indicate the transition from monoclinic phase
to the higher-temperature tetragonal phase with the following cell parameters: a= 0.455 nm, b= 0.455 nm, c = 0.285 nm, α =β=γ =90°
[13].
The SMT in the ﬁlms was studied by the measurements of temperature dependences of electrical resistivity (using the standard fourpoint probe technique) and light transmittance at the wavelengths
within the range 400 to 2600 nm.
Fig. 2 shows the change in electrical resistance of synthesized
ﬁlms as a function of temperature by using the heating and cooling
cycles. The SMT is not observed for deposited ﬁlms before annealing
(Fig. 2, dashed line). For crystalline VO2 ﬁlms (after annealing), transition from a semiconductor to metal phase is accompanied with the
change in speciﬁc resistance by four orders of magnitude. The SMT
temperatures at heating and cooling were 57 and 53 °C, correspondingly.
Transition parameters were deﬁned by the method described in the
paper [8].
The spectral transmittance (Fig. 3a) was measured within the range of
450 to 2600 nm at the temperatures 20 °C (below Tt) and 90 °C (above
Tt). Essential transmittance changes in the infrared (IR, >760 nm) spectral region at heating were observed. Importantly, 50 times reduction of
transmittance in the IR spectral region is not accompanied with appreciable changes in the visible spectral region. Fig. 3b demonstrates temperature dependence of transmittance at the wavelength 2000 nm for heating
and cooling procedures. SMT temperature for heating was 58 °C, and
49 °C for cooling. In our ﬁlms the optical transmittance is relatively low
in comparison with the ﬁlms deposited at higher temperatures [11,14].
In our opinion, it is caused by single-phase nature of our ﬁlms (absence
of optical-transparent inclusions, such as V2O5) and their nanocluster
structure (nano-sizes crystals strongly scatter the optical light) but
must be investigated further in details.
It is necessary to notice that these SMT temperatures are much
less than those mentioned in papers devoted to undoped VO2 ﬁlms
(typical values of Tt is 68 °C) [3,6,8]. This peculiarities are not related
with doping the ﬁlms during deposition or/and annealing [15–17].
SIMS measurements have detected some impurities (Fe, Si) in the
ﬁlms, but their concentrations (b0.1 at.%) are too low for inﬂuence
on the SMT temperature.
Tt decrease can be related with small sizes of crystallites. It was
reported in [7] that for VO2 ﬁlms with the crystallite size 12 to 18 nm
the SMT temperature is ~55 °C. For our ﬁlms, the values of average
grain size and Tt are very similar to values reported in [7]. Decrease in
mechanical stresses in a ﬁlm, due to low temperatures of formation,
also promotes reduction of Tt [5,18–19].
Without any protection coating, the synthesized ﬁlms demonstrate
high stability when keeping them in natural conditions. After 500
heating-cooling cycles during one year, it was not observed any noticeable changes of thermochromic characteristics inherent to the ﬁlms.

Fig. 3. Spectral transmittance of VO2 thin ﬁlms at temperatures below and above Tt (a) and temperature dependence of transmittance at the wavelength 2000 nm at heating and cooling (b).
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4. Conclusions
In conclusion, for the offered low-temperature method of VO2 synthesis the two processes were separated: deposition and phase crystallization. As a result, the synthesis process becomes more adjustable and
realized at a lower temperature. This allow to suppress nucleation of
other vanadium oxides and produce a nanocrystalline ﬁlm containing
the high ordered VO2 phase with good thermochromic characteristics
and stability.
This work was supported by the Ministry of Education and Science
of Ukraine (Grant No. M/90 – 2010).
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