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Vanadium dioxide thin films prepared by
chemical vapour deposition from vanadium(lil)

acetylacetonate

T. MARUYAMA, Y. IKUTA

Department of Chemical Engineering, Faculty of Engineering, Kyoto University, Yoshida-

Honmachi, Sakyo-ku, Kyoto 606, Japan

Vanadium dioxide thin films were prepared by an atmospheric-pressure chemical vapour
deposition method. The raw material was vanadium(lll) acetylacetonate. Polycrystalline thin
films were obtained at a reaction temperature of 500 °C. Slow post-deposition cooling of the
deposits on a substrate of fused quartz or sapphire single crystal yields vanadium dioxide fiims
which are not mixed with other phases, i.e. V;0, or V,04. Optical and electrical switching
behaviours strongly depend on film thickness. At a film thickness of about 300 nm the
transition temperature showed a minimum value of 44 °C.

1. Introduction

Vanadium dioxide (VO,) experiences a thermally in-
duced semiconductor-to-metal structural phase trans-
ition at a transition temperature of 68 °C, where sub-
stantial changes in electrical conductivity and optical
properties can be found. This characteristic finds some
applications of VO, thin films in thermal relays, elec-
trical switching elements and optical storage media.

High-quality VO, film has been prepared by sol—gel
transformation [1-3], reactive ion-beam sputtering
[4, 5], d.c. magnetron reactive sputtering, reactive
evaporation [6] and chemical vapour deposition
(CVD) [1, 2, 7-9] methods. The CVD methods have
used V(IV) or V(V) compounds such as vanadyl tri-
chloride [7], vanadyl acetylacetonate [8, 9] and vana-
dyl tri (isopropoxide) [ 1, 2] as vanadium precursor. In
these CVD methods, however, V,0, was first made
and was then reduced to VO, film in a much more
controllable reduction step [1, 7-9] or VO, film was
grown by deposition at 300-700 °C in the absence of
oxygen gas and subsequent annealing in nitrogen at
500°C for 2 h [2].

This paper proposes a CVD method in which ther-
mal decomposition and oxidation of vanadium (III)
acetylacetonate directly yield VO, films. The pre-
paration conditions and structure of VO, films will be
discussed by comparing those for VO, films which
were deposited on different substrate materials. Par-
ticular emphasis is placed on the film-thickness
dependence of the transition characteristics.

2. Experimental procedure

Vanadium(I1I) acetylacetonate, V(CsH,O,);, of re-
agent grade was used as the source material for pre-
paring VO,. Fig. 1 shows a schematic representation
of the experimental set-up. V(CsH,O,), was heated at
a temperature of 220°C. The generated gas was en-
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trained by N, carrier gas and injected into the pre-
mixing section, where V(CsH,0,); was mixed with an
O, source (i.e. air) which was injected independently
into the section. The flow rate of the carrier gas was
598 cm®*min~! and the flow rate of air was
2cm*min L

Two kinds of glass plate, i.e. borosilicate and fused
quartz, and four kinds of optically polished single
crystal, i.e. MgO (100), SrTiO5 (100), Si (100) and
randomly oriented sapphire, were used as the sub-
strate. The substrate was placed on a temperature-
controlled electric heater. The reaction temperature
was 500°C. After deposition the furnace was allowed
to cool down to room temperature under the flowing
carrier gas and air. It took 1.5 h from 500 to 200 °C.
Thus the film experienced a slow post-deposition
cooling. For comparison, a fast post-deposition
cooling of the film was also made by taking the reactor
out of the furnace and by blowing cool air on to it.
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Figure I Schematic representation of the experimental equipment.
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The composition of the film was measured by X-ray
photoelectron spectroscopy. The crystallinity of the
film was analysed by the X-ray diffraction (XRD)
method with CuK, radiation. Film surface micro-
structure was measured by a scanning electron micro-
scope. The optical switching characteristic was evalu-
ated by using a heated sample cell installed in the
sample compartment of a spectrophotometer. Trans-
mittance measurements were made at a wavelength of
2.5 um. The transition temperature was taken as the
midpoint of the transmittance heating curve. Temper-
ature cycling was done at 2.0°C min~'. Electrical
measurements were made using the van der Pauw
four-point resistivity technique. Sample resistivity
was measured as a function of temperature using a
variable-temperature Dewar assembly.

3. Results and discussion

Oxidizing V(CsH,0,); at a reaction temperature of
500°C yielded VO, films on each kind of substrate
except MgO single crystal. These films had a good
adhesion to the substrate. The reaction temperature
and the ratio of the flow rate of air to that of carrier
gas are decisively important to obtain vanadium di-
oxide. In addition, the presence of phases intermediate
between VO, and V;0, in the film depends on the
substrate material and on the rate of cooling of the
deposited film, as follows.

Fig. 2 shows XRD patterns of the VO, film on a
borosilicate glass substrate for three different film
thicknesses. For films after rapid post-deposition
cooling (Fig. 2a) the 146 nm thick film shows a domi-
nant peak of V4O, ; which is the metastable phase of
VO,, while the 590 nm thick film shows only charac-
teristic VO, peaks. The patterns indicate that the VO,
films are composed of crystallites with a monoclinic
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structure. Thus, there exists a transitional layer of
V40,5 at the interface between the VO, layer and the
substrate. The coexistence of peaks of both V,O,; and
VO, in the XRD patterns of the 226 nm thick film
suggests that the thickness of the transitional V,0,;
layer is about 200 nm. For films after slow post-
deposition cooling (Fig. 2b) the change of the XRD
pattern with film thickness shows a similar trans-
itional layer of thickness about 200 nm. In this case,
however, the layer is composed not of V4O, , but of
V,0..

Fig. 3 shows the XRD patterns of the VO, film on
a Si(100) single-crystalline substrate. The pattern
indicates that the film obtained after rapid post-depos-
ition cooling contains mixed phases of V;0, and
V,0,. On the other hand, these impurities are drasti-
cally decreased (to zero for V,Og) for the film obtained
after slow post-deposition cooling. Fig. 4 shows the
XRD patterns of the VO, film on a fused quartz
substrate. The peaks for V;0, and V,O,, which are
observed in the film obtained after rapid post-depos-
ition cooling, drastically decrease to zero for the film
obtained after slow post-deposition cooling of the
deposited film.

The above results show that selection of the sub-
strate material is deterministic to obtain the pure
phase of VO,, in addition to slow post-deposition
cooling of the deposited film: thus the occurrence of
V30, can be prevented by slow post-deposition
cooling of the film deposited on a substrate of fused
quartz or sapphire single crystal.

Fig. 5 shows scanning electron microscopy observa-
tions of the VO, film. Evidently, the surface micro-
structures are different from each other, although both
films were visually smooth and uniform. Fig. 6 shows
typical examples of the optical and electrical trans-
itions with temperature for VO, films on fused quartz,
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Figure 2 X-ray diffraction patterns of VO, films on a borosilicate glass substrate for various film thicknesses: (a) rapid cooling, (b) slow

cooling. (@) VO,, () V;0..
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Figure 3 X-ray diffraction patterns of VO, films on a Si(100)
single-crystalline substrate: {(a) rapid cooling, (b) slow cooling.
(®) VO,, () V;0,,(0) V,0,.
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Figure 4 X-ray diffraction patterns for VO, films on a fused quartz
substrate: (a) rapid cooling, (b) slow cooling. (@) VO,, () V,0,,
(O) V,0,.

and sapphire. Fig. 6a and b show that as the temper-
ature increases through the transition temperature of
67 °C the transmittance at 2.5 um wavelength falls by
65% and the resistivity falls by about 5x 10* for a
159 nm thick film on a fused quartz substrate. Fig. 6¢
and d show that as temperature increases through the
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Figure 5 Scanning electron micrograph pictures (tilt angle = 30°)
of typical VO, films on (a) a fused quartz substrate (film thickness
2314 nm) and (b) a sapphire single-crystalline substrate (film
thickness 198.4 nm).

transition temperature of 58 °C the transmittance falls
by 59% and the resistivity falls by about 4 x 10° for a
198 nm thick film on sapphire. These large changes in
properties are advantageous for use as a switching
device. The results for the film on a sapphire substrate
show another favourable switching property, i.e. small
width of the hysteresis loop.

Figs 7 and 8 show the transmittance (at 2.5 um
wavelength) and resistivity, respectively, of both semi-
conductor and metal phases above and below the
transition temperature as a function of film thickness,
and Fig. 9 shows the critical temperature as a function
of film thickness. For each phase, the characteristics of
the films on two different substrates correlate well
(solid lines in Figs 7, 8 and 9a). It is noted that the
characteristics of the semiconductor phase strongly
depend on film thickness and that the transition tem-
perature shows a minimum value of 44 °C at the film
thickness 300 nm. However, the characteristics of the
semiconductor phase for a VO, film which contains
some crystalline impurity V,0, (Fig. 9b) are inde-
pendent of film thickness and the transition temper-
ature is nearly equal to that (68 °C) for the bulk single
crystal.

In a 300 nm thick pure VO, film, reductions in the
semiconducting-state transmittance and resistivity are
observed. Therefore the changes in properties are not
so large as those for thinner films as shown in Fig. 6.
Fig. 10 shows the optical and electrical transitions
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Figure 6 Typical examples of the optical (. = 2.5 um) and electrical transitions with temperature for VO, films on (a,b) a fused quartz
substrate and (c,d) a sapphire single-crystalline substrate.
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Figure 7 Transmittance for both semiconductor and metal phases
of VO, film above and below the transition temperature as a

function of film thickness: (O)

sapphire (semiconductor phase),
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Figure 8 Resistivity for both semiconductor and metal phases of
VO, film above and below the transition temperature as a function
of film thickness: (O) sapphire (semiconductor phase), (@) sapp-

hire (meta
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Figure 9 Transition temperature of (a) VO, film (b) VO, film with V,0, impurity as a function of film thickness for different substrates:
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Figure 10 Optical (A = 2.5 um) and electrical transitions with temperature for (a,b) 231 nm thick VO, film on a fused quartz substrate and
(c.d) 315 nm thick VO, film on a sapphire single- -crystalline substrate.

against temperature for 231 and 315 nm thick VO,  ie.loss of steepness of the transition and reductions in
films, which show large reductions in the transition  semiconductor-to-metal resistivity ratio, by more than
temperature for sapphire and quartz glass substrates.  several orders of magnitude, as compared with the
In fact, they show some inferior switching properties,  thinner films as shown in F ig. 6.
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4. Conclusions

Vanadium dioxide thin films were prepared by an
atmospheric-pressure chemical vapour deposition
method. The raw material was vanadium(III) acetyla-
cetonate. Polycrystalline thin films were obtained at a
reaction temperature of 500 °C. Slow post-deposition
cooling of the deposit on a substrate of fused quartz or
sapphire single crystal yields vanadium dioxide films
which do not include impurity phases such as V;0, or
V,O,. The transition characteristics strongly depend
on film thickness. At a film thickness of about 300 nm
the transition temperature showed a minimum value
of 44°C.
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