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A two-step method is offered for the synthesis of vanadium oxide films to purposely change their functional
properties. Vanadium oxide films were deposited on glass and silicon substrates by using magnetron sputtering
of the vanadium target at various substrate temperatures (180–500 °C). During deposition, the substrate temper-
ature predetermines structural and functional properties of the films after their following low-temperature
(250–350 °C) annealing. In the films deposited at low substrate temperatures (200–220 °C), after low-
temperature annealing there formed are flat crystallites of vanadium dioxide with lateral sizes 1 to 2 μm,
which provides a high thermochromic effect. In the films deposited at temperatures of 250–300 °C, during the
following low-temperature annealing the microcrystalline mixture of different vanadium oxides (50–150 nm)
is formed,which provides a high value of the thermal coefficient of resistance for thesefilms (7%/K). The low tem-
perature annealing practically does not change the properties of films deposited at temperatures of 450–500 °C.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Vanadium oxide films attracted much attention from researchers
because of their unique properties and prospective applications in vari-
ous devices such as sensors, micromechanical and microelectronic sys-
tems, and others [1–4]. The operation principle of these devices is
based on the effect of structural change of crystalline vanadium dioxide
from monoclinic modification to the tetragonal one at temperatures
above the critical temperature (T = 68 °C). This structural transforma-
tion is accompanied by a change of the band structure resulting in the
change of film properties from semiconductor to metallic ones (SMT—

semiconductor-to-metal transition). For practical application, the most
widely used films are those which demonstrate the significant changes
in the resistance (for microbolometers) or in the transmission spectrum
(for thermochromic coatings) with changing temperature.

Vanadiumoxidefilmswith high-temperature coefficient of resistance
(TCR ~2–4%/K) were used for production of uncooled microbolometers
[1,5–7]. Thermochromic coatings are the important elements for creating
systems of heat and light flow regulation, and they can significantly save
energy consumption [2,3,8–11]. Therefore, creating both types of these
materials, methods of formation and investigation of their properties
are topical, as it is proven by numerous publications in this field [1,2,5,
6,9–20]. Operation characteristics of devices that use SMT effect depend
primarily on the specific composition of the VO2 phase in the film, struc-
ture parameters, and presence of impurities, so that regimes of deposi-
tion and annealing are crucial for creating some fixed functional
properties of the film. The film deposition process is usually realized at
sufficiently high temperature close to ~500 °C, which provides crystalli-
zation of VO2 phase [8,10,17,19–22]. It was shown in our previous papers
[23,24] that the two-stepmethod to form vanadium dioxide films allows
manufacturing of thematerialwith excellent thermochromic character-
istics due to predominantly high-ordered VO2 phase formation in the
film. At the first stage of this method, the amorphous film with a com-
position close to VO2 was deposited (at 200 °C) on the substrate. Re-
gimes of deposition provide nucleation of VO2-nanocrystallites in the
film, and they grow intensively at the second stage during a low-
temperature (300–350 °C) annealing. As a result, the synthesis process
becomes more adjustable and allows to produce a nanocrystalline film
containing mainly the VO2 phase and suppresses growth of the other
vanadium oxides (VO, V2O3, V2O5).

To describe transport properties of disordered structures, where the
phase transition “metal–insulator” exists, themodel of percolation clus-
ter near the percolation threshold is used [25]. In particular, random
walks on percolation fractals and related to fractal dimension were
studied using the methods of computation [26].

To clarify themechanism of conductivity near the phase transition in
the structures consisting of different vanadiumoxides in polycrystalline
and amorphous phasemixture, it seems promising to use themodels of
fractal percolation network in fractal systems of the corresponding
dimension.

This work is an extension of our previous studies aimed at ascertain-
ing the structural features of synthesized films and demonstrates possi-
bility to control modification of phase composition of the films during
low-temperature annealing to obtain certain functional properties.
Our studies have shown that using the two-step principle of film
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formation and changing the synthesis conditions it is possible to create
both vanadium oxide films with high TCR (~7%/K) or the effective
thermochromic films (40-fold changes in IR transmittance).

2. Experiment

VOx thin films were deposited on glass and silicon substrates by re-
active DC magnetron sputtering of the metallic vanadium target
(99.96%) in O2/Ar gas mixture. Operation parameters of film deposition
varied in the following ranges: content O2 in prepared O2/Ag mixture
(4–15%); pressure (0.13–1.33 Pa); discharge power (50–90 W) and
substrate temperature (180–500 °C). This made it possible to obtain
VOx films (1.4 ≤ x ≤ 2.4) of different structural (amorphous,
nanocrystallized and mixed) and composition phases. The thickness of
the films was controlled by profilometer (Alpha-step 100) and typical
value was about 100–150 nm, and deposition rate was in the range of
0.13–0.22 nm/s. After deposition, the films were annealed within the
temperature range of 250–350 °C for 10 up to 300 min. Annealing was
carried out in atmosphere of various gases (H2, N2, O2) or in N2 + O2

mixture. The AFM tappingmodewas applied and high resolution silicon
tips with nominal upper radius of 10 nmwere used. The SEM operating
voltage was 5 kV.

X-ray diffraction (XRD) study was carried out using X'Pert-MRD dif-
fractometer with Cu Kα-radiation, λ= 0.15418 nm, in Bragg–Brentano
geometry.

The structure and phase changes in films on each stages of the syn-
thesis process were examined with Scanning Electron Microscopy
(SEM, TSCAN MIRA 3), Atomic-Force Microscopy (AFM, NanoScope IIIa
Dimension 3000TM), Auger Electron Spectroscopy (AES, Auger Micro-
probe JEOL JAMP 9500 F) and X-ray diffraction (XRD, PANalytical X'Pert
ProMRD XL)methods. The optical transmittance and specific resistivity
of the films were measured within the temperature range of 0 to 90 °C
after formation of the film.

3. Results

Table 1 shows the basic technological regimes for VOx film synthesis
and main physical characteristics of the films. In the table there are the
modes of synthesis of films that provide the highest value of the func-
tional properties of each series sample.

All the films can be separated into three series with different tem-
peratures of deposition: series L corresponds to low temperatures
(200–220 °C), series M — middle temperatures (250–300 °C), and
H— high temperatures (450–500 °C). For convenience in interpretation
of the results and discussion, we separated samples of each series as
Table 1
Regimes of VOx film synthesis and their physical characteristics.

VOX deposition Annealing

Series (Tdep.° C) Type Xdep. Gas Tann. (°C) t (min)

L (200–220) L 1.4–1.9 O2 350 200
M 1.9–2.0 N2 + O2 300 30
H 2.0–2.2 H2 250 100

M (250–300) L 1.4–1.8 O2 300 300
M 1.8–2.0 N2 + O2 300 60
H 2.1–2.3 H2 270 90

H (450–500) L 1.6–1.8 O2 300 60
M 1.8–2.0 N2 + O2 300 30
H 2.0–2.3 H2 270 40
M 1.9–2.1 Without annealing

Tdep – temperature of substrate at film deposition.
Xdep. and Xann. – ratio between oxygen and vanadium concentration (measured by AES) for de
Tann – temperature of annealing.
t – time of thermal annealing.
Ώ – specific resistance of the film at room temperature.
TCR – temperature coefficient of resistance of the film at room temperature.
At.chr – ratio between transmittance of light with λ = 2.5 μm through the film at the temperat
ΔT – difference between temperature of SMT of the film at heating and cooling.
three types with a low (x b 2), medium (x ≅ 2) and high (x N 2) oxygen
concentration: L, M and H, respectively. Thus, all the samples have the
labels (two letters) where the first letter indicates the temperature
range of the film deposition and the second one — oxygen content in
the film. For example, the sample deposited at low temperatures and
having a high oxygen content is referred to as LH, and deposited atmid-
dle temperatures with a low oxygen content is referred to as ML.

After deposition in each series of the samples, there are films with a
different composition of components, because film composition is
strongly dependent on the discharge power, oxygen content in a gas
mixture and pressure in the vacuum chamber. Therefore, to obtain
filmswith the specified functional properties in each case, it is necessary
to make their own low-temperature annealing (atmosphere, tempera-
ture and time). The best functional properties (highest TCR or availabil-
ity of the thermochromic effect) were obtained for the samples of HM,
ML and LM (in Table 1 marked by bold type). So it is just for these sam-
ples that the detailed results are presented in this paper.

3.1. High temperature deposition (H-series)

Due to the high temperature of substrate for H-series samples, all the
films have a polycrystalline structure just after deposition (Fig. 1, sam-
ple HM, left). The crystallite sizes lie within the range 50 to 300 nm,
and these do not change after annealing. According to XRD data, sam-
ples HL contain a mixture of vanadium oxides, so for the samples HM
(Fig. 1, sample HM, right) the monoclinic phase of VO2 dominates, and
in the HH samples the dominating phase is V2O5. After deposition, the
HH and HL films do not have thermochromic properties, while the HM
samples demonstrate good thermochromic properties. When heating
the sample HM from 0 up to 100 °C, the transmission in the infrared re-
gion decreases by 3 to 4 times (Fig. 2), and the resistivity – by 80 to 100
times (Fig. 3).

Low-temperature annealing had no influence on surface morpholo-
gy, but due to reactions with active gases (O2 and H2) the significant
changes of the film content were observed. For HH and HL films (see
Table 1) after annealing, thermochromic properties arise. Annealing of
HM samples leads to stabilization of thermochromic characteristics
(without annealing of the samples, drift of parameters was observed
in a few weeks) and reducing the hysteresis parameters of the films
when heating and cooling.

Fig. 4 (sample HM) shows AFM images of the film surface (left) and
image with registration of visco-elastic properties (right). The surface
roughness is 5 nm. Since the image obtained after registration of
visco-elastic properties is quite different from results of surface topogra-
phy, it may indicate structural inhomogeneity of the film.
Properties

Xann. Ώ (Ohm × cm) TCR (%/K) At.chr ΔT (°C)

1.8–1.9 1.35 2.8 1.9 32.3
1.9–2.0 6.2 4.7 40.0 9.0
2.0–2.1 3.35 2.1 2.4 14.2
2.0–2.15 1.06 7.0 1.8 1–2
1.9–2.0 7.33 3.9 2.2 8.1
2.1–2.2 2.03 1.8 1.4 12.3
2.0–2.1 3.25 1.2 1.5 27.2

1.85–2.0 0.7 2.9 3.2 15.3
1.9–2.1 2.32 1.7 3.1 11.0
1.9–2.1 0.61 4.3 3.0 15.4

posited and annealed films, respectively.

ures of 20 °C and 90 °C.
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Fig. 1. SEM-image (left) and glancing angle X-ray diffraction (right) for films LM, ML, HM. The inset in the SEM-image— SEM-image of the as-deposited film. In the XRD pattern, lower
curves for the film before thermal annealing, upper curves— after thermal annealing.
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3.2. Middle temperature deposition (M-series)

Deposition of the films with a low oxygen concentration (samples
ML) within the temperature range 250–300 °C allows to create mainly
the amorphous structure (Fig. 1, sample ML, right, lower curve) with
crystalline rhombohedral V2O3 inclusions. During annealing, these in-
clusions grow, and the amorphous film structure is transformed into
the polycrystalline one (Fig. 1, sample ML, right, upper curve) with the
crystallite sizes in the range 50 to 150 nm (Fig. 1, sample ML, left). Ex-
cept this, the main number of V2O3 inclusions were transformed into
VO2 crystallites, although there remains a significant part of the amor-
phous phase in the film (Fig. 1, sample ML, right, upper curve).
Thermochromic effect is very small in this film, the IR-transmission
changes only two times (Fig. 2). Nevertheless, the film resistivity de-
creases by almost three orders of magnitude after heating from 0 to
45 °C (Fig. 3) and TCR value is 7%/K. An important point is that the ther-
mal hysteresis of resistance is absent. According to AFMdata (Fig. 4), the
ML film, as in the case of sample HM, is structurally rather inhomoge-
neous, although it has the considerably lower roughness of about 1 nm.

Amorphous films MM and MH after deposition contain V2O5 and
VO2 nano-inclusions, but VO and V2O3 crystalline phases are absent in
the films. Therefore, after annealing in oxygen or in themixture of oxy-
gen and nitrogen, films have a high resistivity due to the high content of
V2O5 phase. Only annealing in hydrogen atmosphere can reduce the
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resistivity of these films, but the functional properties of these films are
not well pronounced.
3.3. Low temperature deposition (L-series)

The principle of thermochromic film creation by using low-
temperature deposition was described in detail in our previous papers
[24].With proposed conditions of deposition and subsequent annealing
(sample LM), we can synthesize the polycrystalline film where mono-
clinic phase of vanadium dioxide dominates (Fig. 1, sample LM, right,
upper curve). When the temperature rises above the critical tempera-
ture, themonoclinic structure of the film is transformed into the tetrag-
onal one [24]. This phase transition leads to 40-fold reduction of film
transmittance in the infrared region (Fig. 2), and the resistance de-
creases by four orders ofmagnitude (Fig. 3). Since theAFM images in re-
gimes of relief determination and of registration of visco-elastic
properties are almost identical (Fig. 4), it indicates high structural ho-
mogeneity of the film.

The slightest deviation from this depositionmode (LM) can produce
a completely amorphous film (LH) or film containing a mixture of
nanocrystals of various vanadium oxides (LL) (close to the M series).
In both cases, subsequent thermal annealing does not lead to the ap-
pearance of good thermochromic properties of the films, although
they (like LL, LH) can be suitable for using in the microbolometric
systems.
0 20 40 60 80 100

0.01

0.1

1

10

TCR = 4.3  %/K

TCR = 4.7  %/K

Sp
ec

if
ic

 R
es

is
ta

nc
e 

(Ω
 c

m
)

Temperature (0C)

 LM
 ML
 HM

TCR = 7.0  %/K

Fig. 3. Temperature dependence of the specific resistance for samples LM, ML, HM in
heating (filled symbols) and cooling modes (open symbols). The TCR was determined at
room temperature (in the range of 278–313 K).
The optical absorption coefficient (α) can be calculated from the fol-
lowing relation [27]:

T ¼ 1−Rð Þ2e−αd

1−R2e−2αd
:

Where R and T are the spectral reflectance and transmittance and d is
the film thickness.

For greater optical density (αd N 1), the interference effects due to
internal reflections as well as reflectance at normal incidence are negli-
gible (R ≈ 0) and optical absorption coefficient (α) is given by an ap-
proximate formula: α ¼ 1

d ln 1
T

� �
.

The absorption coefficient, α, due to interband transition near the
band-gap can be described as [5,8,28]: αhv = C(hv − EgOpt)n, where v
is the frequency of the incident radiation, h is the Plank's constant, C is
a constant,EgOpt is the optical energy gap of the material and exponent
n determines the type of electronic transition causing the absorption
and can take values of (1/2) for direct allowed, (3/2) for direct forbid-
den, 2 for indirect allowed and 3 for indirect forbidden transitions.

The spectral dependence of thefilm absorption coefficient in the plot
of (αhv)1/n versus photon energy hv allows to determine the value of
the optical energy gap (EgOpt) [5,29,30]. Fig. 5 shows the plot of (αhv)2

versus photon energy for samples LM, ML, HM in the assumption that
in our films the direct allowed transitions are realized (n = 1/2). The
phase with the band gap 2.3–2.7 eV in all the films is present. This
band gap value is typical for phase V2O5 [5,6,30,31], and it is almost in-
dependent of the film temperature. Also, in the plot one can distinguish
a linear part that corresponds to the band gap of 0.7 eV, 0.4 eV and 0.45
eV for LM, ML and HM samples, respectively. The band gap value of 0.7
eV is typical for the monoclinic phase VO2 [29,32]. When heating the
films above 68 °C, there arise changes in the spectrum (Eg = 0),
which indicates transformation of the VO2 band structure from the
semiconductor to the metallic state.

4. Discussion

As can be seen from the presented results (see Table 1), the best
thermochromic characteristics (LM, HM) and/or higher TCR values
(LM, ML, MM, HM) are obtained for the films with the stoichiometry
index Xann close to 2. In general, it should be emphasized that the depo-
sition and annealing regimes, underwhich thefilmwas formedwith the
index X below 1.85 or above 2.15, are not discussed in this paper, be-
cause they have failed to form functional films suitable for practical use.

Samples LM, ML, HM have similar values of average elemental com-
position (Xann), but their crystalline structure is quite different (Fig. 1). If
the samples of series H and M contain crystals with sizes ranging from
ten to several hundred nanometers and are randomly oriented, in the
sample LM the size of crystals becomes significantly large (up to a few
micrometers). After the deposition process, the concentration and
sizes of VO2 nanocrystallites in the LM film are so small that we do not
fix their presence by SEM and XRD methods. The annealing process
drastically changes the structure of the LM film (Fig. 1, sample LM,
right). The LM film thickness is 100 nm, therefore we can say that in
this case the regime for formation of flat (plate type) crystals was real-
ized, the lateral dimensions of whichweremore than one order ofmag-
nitude greater than the thickness. This is because the conditions of low-
temperature annealing and low-oxygen content in gasmixture ensured
growth only for those few nuclei of VO2 crystalline phases that were
formed during deposition. VO2 crystal growth occurs under favorable
conditions, because the nuclei concentration is low, and competitionbe-
tween adjacent growing crystals is absent. These films demonstrate a
powerful thermochromic effect (Fig. 2) due to a high specific content
of monoclinic phase of vanadium dioxide. This thermochromic effect
and a significant change in resistivity (Fig. 3) are related with changes
of crystalline VO2 band gap (Fig. 5) from the value of Eg = 0.7 eV in
the monoclinic modification to the value of Eg = 0 in the tetragonal.
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Deposition at the temperature above 250 °C (M-series) allows to
form a set of different vanadium oxide nanocrystallites in the amor-
phous film. The crystallites formed in the film during deposition are
the centers for further film crystallization. After annealing, the ML film
has stoichiometry close to VO2 and consists of crystallites with different
phases of vanadium oxide (VO2, V2O3), which is evident from the dif-
fraction of X-rays (Fig. 1, sample ML, right, upper curve). Although an-
nealing allows to stimulate or suppress (it depends on conditions) the
growth of certain crystalline phases, nevertheless all the nuclei simulta-
neously grow in a limited space, and the crystals do not swell to a large
size, as in the case of LM. As a result, the films have a small amount of
VO2 crystals, and the thermochromic effect is very weak, but the
presence of VO2 and V2O5 provides high TCR and presence of V2O3 pro-
vides a high conductivity of the film.

It is important for practical use to minimize hysteresis of electrical
resistance when heating and cooling the film. The hysteresis absence
in ML and MM samples can be explained by small VO2 nanocrystal
sizes and their defectiveness. The transition temperature in these sam-
ples decreases to 40 °C, and TCR increases up to 7.0% in this region.
Also, it must be taken into account that the film contains other vanadi-
um oxides, and this temperature dependence of the film resistance is
the sum of dependences of all the structural film components.

In the series H, a high temperature of the substrate provides forma-
tion of the film crystal structure directly during deposition process, in



Fig. 5. Plot of (αhv)2 versus photon energy (hv) for films LM, ML, HM at temperatures
below (open symbols) and above (filled symbols) the temperature of SMT. The dashed
lines are extrapolation to the (αhv)2 = 0 value — indicate the optical energy gap EgOpt.
The inset is the enlarged image in the long-wave range of the spectra.

184 Y. Goltvyanskyi et al. / Thin Solid Films 564 (2014) 179–185
contrast to the samples of the series L and M. Therefore, low-
temperature annealing does not affect the surface morphology and
crystalline structure of the film. The resistance of the film can increase
or decrease after annealing due to partial oxidation of crystallites (HL)
or recovering them in hydrogen atmosphere (HH).

The presented results (Figs. 1 and 5) indicate the presence of crystal-
line VO2 phase in all the samples. For the samples of LM series (in the case
of large crystallites), the measured band gap value corresponds to that of
typical bulk VO2 (0.7 eV). For samples ML and HM (in the case of small
crystallites), the measured band gap value (0.4–0.45 eV) is smaller than
the typical ones for bulk VO2. This may be related with a large amount
of defects in the films ML and HM [5,10,13,21,33,34] or/and with the
presence of stress in these films [17,19,29,34]. In addition, the spectral
dependences of the absorption coefficient (Fig. 5) indicate the presence
of V2O5 phase in all the films.We think that V2O5 in all the films ismainly
amorphous, because the XRD data do not confirm the presence of
crystalline phase of V2O5, and the band gap value for amorphous V2O5

lies in the same range as for crystalline V2O5 [27,30].
Since the films deposited on the glass substrate are polycrystalline,

with different grain sizes, they show inherency to their fractal proper-
ties [35]. Properties of fractal systems are determined by fractal dimen-
sion that, in its turn, depends on the procedure of film deposition. A
dimension of the given fractal defines the possibility to create the con-
ductivity percolation cluster [26] between the objects (crystallites
VO2), and it determines the abruptness and temperature of the phase
transition.

Creation of different structures (depending on temperature and
other technological factors) is controlled by the presence of crystalline
phase nuclei and growth kinetics (limited by neighboring nuclei, or un-
limited, when nuclei are far apart). Depending on the growth condi-
tions, a fractal structure of a different dimension is generated, which
affects the degree of conductivity of percolation cluster disorder. In its
turn, it affects the kinetics of the phase transition (mainly temperature
dependence of conductivity). To explainmechanisms of this phase tran-
sition, it is important to discover infinite hierarchy of critical factors
influencing the stress distribution in the percolation cluster skeleton.

Summing up the results, we can say that the two-step method for
the synthesis of vanadium oxide films allows to efficiently influence
on the structure of the films and make it possible to create materials
with different functional properties. For high quality thermochromic
coatings, the most promising are those deposited at low temperatures
(L series). In the process of low-temperature annealing, high-ordered
polycrystalline film of monoclinic vanadium dioxide is formed.

To synthesizematerials with a high TCR value, depositionwithin the
temperature range of 250–300 °C (M series) is suitable. This regime al-
lows creation of the set of vanadium oxide nanocrystals. After low tem-
perature annealing, this set is transformed into polycrystallinefilmwith
high value of TCR ~7% and low resistivity.

5. Conclusion

Low-temperature annealing procedures for the VOx films (1.8 b x
b2.2) can significantly change their component composition and crys-
talline structure. By creating the conditions for the preferential growth
of certain structural and phase components of vanadium oxides, one
can achieve: formation of the single-phase-ordered VO2 phase in the
film, which is characterized by a high thermochromic effect; formation
of a film sensitive to infrared radiation and consisting of a mixture of
crystallites containing various vanadium oxides with a high TCR value,
low hysteresis parameters and resistivity at temperatures close to
room temperature. The important point for formation of functional
properties is the state of the film after deposition. Only amorphous
films with rare nanocrystalline inclusions are the most suitable object
for controlled crystallization andmodification of crystals under the sub-
sequent low-temperature annealing. In this relation, it is necessary to
carry out a detailed analysis of the fractal properties of vanadium
oxide films and determination of the shape of the crystallites and their
ability to fill the space, which will enable to determine the fractal
dimension.

The use of themulti-step technologymakes it possible to control the
structure of the films and thus obtain the objects with different fractal
dimensions and functional properties.

Certainly, the two-stepmethod for creation offilms can havenumer-
ous variants for optimization of the offered synthesis conditions (pa-
rameters of deposition and annealing) and for creation of new ones.
Technological conditions listed in Table 1 should be considered as
indicative recommendations to obtain specific functional properties of
the films. For effective practical application of this method, the sug-
gested technological regimes unconditionally need clarification and
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optimization based on more detailed investigations using modern
methods of experiment planning and optimization technology [36,37].
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