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Preparation and optical properties of 
phase-change V02 thin films 
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In this work, V02 thin films were prepared on three kinds of substrates by the sol-gel dip- 
coating method followed by heat treatment under vacuum. These thin films were analysed by 
x-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) techniques. The infrared 
and ultraviolet-visible spectra of the V02 thin films were also recorded during heating and 
cooling between room temperature and 100~ The experimental results show that VOz thin 
films thus prepared exhibit thermally induced reversible phase transition, and the largest 
changes in transmittance and reflectivity are approximately 58 and 25%, respectively, in the 
case of vacuum heat treatment at 400~ and silica glass substrates. The refractive index (n) 
decreases and the absorption coefficient (k) increases when heating these thin films from 
room temperature to 100~ and vice versa for cooling. The reasons why the optical constants 
and infrared absorption spectra change so remarkably are discussed. 

1. Introduction 
It was well known that VO 2 exhibits a thermally 
induced reversible phase transition near 67~ This 
phenomenon was discovered for the first time in 1959 
by Morin [1], whose results showed that the con- 
ductivity of VO2 changed reversibly by two orders of 
magnitude while cooling and heating over a temper- 
ature range from 52 to 77 ~ Since then, the changes 
in the optical, electrical and magnetic properties of 
this material and their applications have been studied 
by a large number of investigators [2-4]. In 1971 
Goodenough [5] proposed a band model based on 
crystal field theory to explain the mechanism of the 
monoclinic-to-tetragonal phase change. In the same 
year Roach [6] found that the reflectivity of VO2 thin 
films prepared by reactive sputtering on glass sub- 
strates changed by 8% during the phase transition, 
and therefore he pointed out for the first time that 
VO 2 thin films can be used as a kind of optical disc 
medium. In 1986 Lee et al. [7] suggested that 
W-doped VO z thin films can be used as a sort of 
energy-efficient window. 

A number of methods have been used to prepare 
VO 2 thin films, such as vacuum evaporation [8], r.f. 
sputtering [9], chemical vapour deposition and the 
sol-gel process [10]. However, most of the previous 
work focused on the phase transition phenomenon 
itself and its applications. Few systematic investiga- 
tions have been conducted, especially for sol-gel- 
derived thin films. In this work VO2 thin films were 
prepared by the sol-gel dip-coating method followed 
by heat treatment under vacuum. The phase change 
phenomenon was observed and the change in the 
optical properties of these VO 2 thin films was invest- 
igated. 

2. Experimental procedure 
2.1. Sample preparation 
2. 1.1. Preparation of sols 
25g tri-isopropoxyvanadyl [VO(i-OC2Hs)3; TRI 
Chemical Laboratory, Japan; 99.999% purity3 was di- 
luted to 100ml with ethanol in a brown glass volu- 
metric flask, and was then kept hermetically in a 
brown glass bottle (solution A). Water was diluted 
with ethanol at an H20/C2HsOH volume ratio of 
1:49 (solution B). Transparent orange V;O5 sols were 
carefully prepared by the hydrolysis of the alkoxide 
with a H20/VO(i-OC2Hs) 3 molar ratio of 2.0 (Fig. 1). 
Sols thus prepared and sealed hermetically in a 
brown bottle can remain transparent for nearly 3 
months. Several drops of acetylacetone were added to 
stabilize the solution and the colour of the sols chan- 
ged to purple. The sols can remain transparent for 
more than 6 months with the addition of acetyl- 
acetone. However sols prepared with a H20/VO- 
(i-OC2Hs) 3 molar ratio of 4.0 will precipitate 5 days 
after preparation. 

2. 1.2. Preparation of 1/205 thin films 
As a viscosity-increasing reagent, hydroxypropylecel- 
lulose (HPC, 2.5 wt %, diluted by ethanol) was added 
into the sols at a volume percentage of 25%. The aim 
of the addition of HPC was to adjust the viscosity of 
the sols and increase the thickness of the films by one 
dip-coating operation (Fig. 2). The viscosity of the sols 
containing HPC decreased gradually with increased 
ageing time, possibly due to the slow reaction between 
HPC and the components of the sols. The precleaned 
substrates [silica glass, soda-lime-silica glass (i.e. slide 
glass) and monocrystalline silicon (1 1 1)] were dipped 
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Figure l Schematic representation of the preparation process of 
V205 sols. 
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Figure 2 Viscosity o fV20  s sols ( 0 )  with or (�9 without HPC as a 
function of time. 

into the sols and pulled up at a constant speed of 
11.6 cm min-1. Each substrate was coated five times 
to increase the thickness of the film. The so[ge l  dip- 
coating apparatus is well known generally for other 
films [11] and is illustrated elsewhere [12]. The coated 
substrates were then exposed to the atmosphere for 
15 min before the next dipping. The as-prepared V2Os 
thin films were orange-yellow in colour and of high 
surface quality. 

2. 1.3. Heat treatment 
Grey-b l ack  g o  2 thin films were obtained by low 
vacuum (6.7 Pa) heat treatment at 400 or 500 ~ for 
2h. Orange-yellow V20 s thin films were obtained 
when they were heat treated in air at 250 or 500 ~ for 
2 h. Three samples were heat treated under vacuum at 

2170 

100, 200 and 300~ respectively, for the purpose of 
comparison with those heated at high temperatures. 

2. 1.4. Preparation of V02 and V205 
powders 

By spreading the V20 5 sols on a glass sheet and then 
drying it, V2Os gel powders were obtained. Grey- 
black VO 2 powders were obtained by heating the 
V20 5 gel powders at 500~ for 2h  under vacuum 
conditions (6.7Pa), whereas orange-yellow V20 5 
powders were obtained by heating the VzO 5 gel pow- 
ders in air. 

2.2. Techniques of the properties 
measurement 

Transmittance spectra of VO 2 thin films in the region 
of 200-300nm were recorded at room temperature 
and at 100~ using a Perkin-Elmer Lambda 
ultraviolet visible-near-infrared spectrometer. The 
near-infrared transmittance-temperature hysteresis 
curves of these films at 2.0 gm were recorded by a 44 W 
infrared spectrometer. Infrared spectra of VO2 pow- 
ders between 4000 and 400 cm-1 during heating and 
cooling were recorded using a Perkin-Elmer 983G 
infrared spectrometer with a heat cell and a temper- 
ature controller. Surface XPS analysis was conducted 
using a Perkin-Elmer PHI-50 ESCA-SIMS-  
Auger spectrometer under high vacuum (1.3 
x 10 7 Pa). For  each kind of substrate used the films 

were analysed by XRD using a Rigau D/Max-A dif- 
fractometer. Differential scanning calorimetry (DSC) 
experiments were performed using a Rigau differential 
thermal analyser. The thickness of the thin films was 
measured with a Dektak stylus instrument. 

2.3. Analyses of errors of measurement 
and calculation 

In this work parameters such as the viscosity of the 
sols, thickness of the gel-derived thin films, transmit- 
tance and reflectivity of the thin films versus temper- 
ature were measured for three samples that were 
prepared under the same conditions. The data in the 
figures and tables are the average values of these 
measurement results. The maximum error of thick- 
ness, for example, was _+ 2.5nm, as the maximum 
resolution of the Dektak stylus instrument is 2.5 nm. 
The transmittance-wavelength curves, XRD, XPS 
and DSC measurements were carried out for three 
samples prepared under the same conditions. 

The optical constants n and k of the gel-derived thin 
films were calculated by the optimum seeking method 
according to the relationship between R, T and n, k 
and d of the thin films: 

R = R(n, k, d) and T = T(n,k,d) (1) 

The best results were obtained in the case of n > k or 
n < k because of the least relativity between n and k. 
The method includes four steps. First, assume initial 
values of n o and k o. Secondly, seek in the neigh- 
bourhood of n o and find the optimum refractive index 



nl, using k = k o and error R = JR c - Rml as the evalu- 
ation function, where Ro and R m a r e  the calculated 
and measured reflectivities, respectively. Thirdly, seek 
in the neighbourhood of k o and find the opt imum 
absorption coefficient kl, using n = nl and error 
T = I To - Tml as the evaluation function, where T~ 
and T m are the calculated and measured transmit- 
tances, respectively. Fourthly, rerun the above steps 
with n o and k o replaced by n~ and kl, and so on. 

In this method, the errors of n and k derived from 
errors of R, T and d are shown in Table I. From the 
table, the errors in n and k are mainly derived from the 
error of R and less from the error of d. The opt imum 
results are approached when the difference between n 
and k is very large. The optical constants n and k of 
VO2 thin films before and after phase transition are 
presented in Table II, The data indicated are of low 
reliability because the difference between n and k in 
these cases is too small to meet the requirement of our 
calculations. 

3. Resu l ts  
3.1. Thickness of the gel-derived thin films 
Figs 3 and 4 show the relationship between the thick- 
ness and the withdrawal times and square root of the 
withdrawal speed, respectively. It is seen that the film 
thickness increases with increasing dip-coating time 
and withdrawal speed. 

3.2. XPS analyses of the gel-derived thin 
films after heat treatment 

XPS analysis results of the surface composition are 
shown in Fig. 5 and Table III. It is demonstrated that 
vanadium exists as V 5 + ion after heat treatment at 
500~ for 2h in air; however, in the case of heat 
treatment above 400~ under vacuum vanadium 
exists as V 4 + ion, due to the lack of oxygen. 

T A B L E  l Errors o f n  and k derived from errors of R, T a n d  d of 
the thin films 

Error of measurement  (%) Error of n and k a (%) 

Reflectivity, R 1 1-6 
Transmittance, T 1 0.5-4 
Thickness, d 6 5 6 
Different initial seeking region 1-2 

a Calculated results by the opt imum seeking method. 

Fig. 6 shows the XPS spectrum of sample 2 at 90 ~ 
under high vacuum (1.3 x 10 -7 Pa). The valence state 
of vanadium ion is + 4. However, the peaks of O(ls) 
and V(2p3/2 ) at 90~ are wider than that at room 
temperature. The reason is that the chemical circum- 
stance of all the ions in the thin films is changed due to 
the phase transition through heating. In this case no 
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Figure 3 Relationship between the thickness of the thin films on 
silica glass substrates and the dip-coating times (withdrawal speed 
11.6 cm min - 1). 
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Figure 4 Relationship between the film thickness on silica glass 
substrates and the square root of withdrawal speed, U 1j2 (dip- 
coating four times). 

T A B L E  II Optical constants of VO 2 thin films (85nm thick) at 25 and 100~ 

Wavelength Before phase transition After phase transition 

(lam) R (%) T(%)  n k R (%) T(%)  n k 

0.6 23.1 39.7 2.39 0.38 17.4 36.7 1.92 0.49 
1.0 32.3 43.1 2.49 0.39 29.9 26.5 2.28 0.96 
1.5 34.0 53.5 2.73 0.21 48.8 15.8 2.23 a 2.53 a 
2.0 29.0 64.7 2.80 0.10 55.4 12.5 
2.5 23.4 68.2 2.81 0.16 42.3 10.4 2.61" 3.24 a 

a Data of low reliability due to the limitation of the calculation method. 
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peaks of other vanadium ions or vanadium metal (the 
peak position is at 511.95 eV) were found, suggesting 
that the vanadium valence state in this material does 
not change before and after phase transition. 

3.3. XRD analyses of the gel-derived thin 
films after heat treatment 

XRD patterns of the V O / t h i n  films on three kinds of 
substrates are shown in Figs 7 and 8. It is clear that the 
films crystallized after vacuum heat treatment at 
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Figure 5 Surface XPS peaks of O1~ and V2p of samples 1-4. All 
peaks are standardized with respect to standard Cls peak. The 
standard V 5+ and V 4+ peaks being at 517.45 and 516.45eV, 2p 3/2 2p 3/2 

respectively. 

500~ for 2h. The films on monocrystalline Si(1 1 1) 
substrates were apparently rich in VO 2 crystals. The 
influence of N a 2 0  from the slide glass substrates is 
evinced by the corresponding diffraction patterns 
[10]. No  crystallization peak was detected from the 
thin films on slide glass substrates after vacuum heat 
treatment at < 400~ It is for this reason that the 
extent of crystallization is too small to be detected, or 
the vanadium oxide thin films heat treated at lower 
temperatures below 400 ~ are amorphous. From the 
XRD patterns of VO2 powders after vacuum heat 
treatment it is seen that the powders are polycrys- 
talline. 
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Figure 6 Surface XPS peaks of O(ls) and V(2p3n) of sample 2 at 
90~ (under vacuum of 1.3 x 10 V Pa), O(1 , and V{zp) peaks are 
standardized with respect to the standard C(ls) peak. 

TAB L E I I I XPS Surface composition analysis results of the sample prepared under different conditions 

Sample Substrate Heat treatment conditions Surface element V valence V oxide 
n o .  

1 Slide glass 500 ~ h in air V O C + 5 V205 
2 Slide glass 500 ~ h under 6.7 Pa V O C + 4 g o  2 

3 Slide glass 400 ~ h under 6.7 Pa V O C + 4 VO 2 
4 Silica glass 500 ~ h under 6.7 Pa V O C + 4 VO 2 
2 a Slide glass 500 ~ h under 6.7 Pa V O C + 4 VO 2 

a Sample 2 kept at 90 ~ during the XPS measurement. 

T A B L E  IV Infrared transmittance (in %) ofVO 2 powders, V O  2 thin films and V20 5 thin films on monocrystalline Si( 1 1 1) substrates at 
various ~:emperatures 

Measurement VO 2 thin films g o  2 powders V2Osthin films 
temperature 
(~ 2.5gm 4.0gm 5.0pm 2.5gm 4.0gm 5.0gm 2.5gm 4.0gm 5.0gm 

20 64 77 86 12.4 16.2 18.5 67 76 64 
60" 62 73 82 12.4 16.0 18.4 

100 25 33 41 4.6 9.6 12.4 68 75 63 
60 b 31 37 49 8.0 12.4 15.0 

" During heating and b during cooling. 
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Figure 9 Transmittance curves of VO 2 thin film (about 170nm 
thick) on silica glass substrate at (a) room temperature and (b) 
100 ~ (heat treated at 500 ~ for 2 h under 6.7 Pa). 
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Figure 8 XRD patterns of VO x thin films on slide glass substrates 
(heat treated at different temperatures for 2h under 6.7Pa): (a) 
500 ~ (b) 400 ~ and (c) 100 ~ 

3.4. T h e r m a l l y  i n d u c e d  revers ib le  phase  
t rans i t i on  

In the present work, the thermally induced reversible 
phase transition phenomenon was observed during 
heating and cooling. Figs 9 11 show the transmit- 
tance and reflectivity of VO2 thin films as a function of 
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Figure 10 ( ) Transmittance and ( - - )  reflectivity curves of 
VO 2 thin film (about 85 nm thick) on silica glass substrate at (a) 
room temperature and (b) 100~ (heat treated at 400~ for 2h 
under 6.7 Pa). 

wavelength at 25 and 100 ~ The infrared absorption 
peaks near 2.7 gm in these figures are attributed to 
water absorption. The reversible transmittance 
temperature hystereses due to the phase transition of 
VO 2 thin films on monocrystalline Si( 1 1 1) are shown 
in Fig. 12. The transmittance temperature hystereses 
of VO~ (2.0 __ x < 2.5) thin films on slide glass sub- 
strates heat treated under different conditions are 
shown in Fig. 13. 

The experimental results indicate that the optical 
properties of VO2 thin films change remarkably due to 
the phase transition, the extent of the change in optical 
properties and the transition temperature (Tt) are 
different for thin films on different substrates, of dif- 
ferent thickness and heat treated under different con- 
ditions. The largest changes in transmittance and 
reflectivity are approximately 58 and 25%, respect- 
ively, in the case of vacuum heat treatment at 400 ~ 
and silica glass substrates (Fig. 10). However, for thin 
films heat treated at 250 ~ in air for 2 h, almost no 
difference in transmittance could be detected between 
room temperature and 100 ~ (Table IV). Meanwhile, 
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3.5. The op t i ca l  cons tan ts  of  V 0 2  
th in  f i lms  before and af ter  phase 
t rans i t i on  

The optical constants, n and k, of VO 2 thin films were 
calculated using the vertical reflectivity (R), vertical 
t ransmit tance (T) and film thickness (d) data taken 
from Fig. 10 and are listed in Table II. The calculation 
method  was as detailed above. It is clear f rom Table II  
that  n decreases and k increases when heating the 
sample from room temperature to 100 ~ 
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Figure 11 Transmittance curves of VO a thin film (about 290nm 
thick) on slide glass substrate at (a) room temperature and (b) 100 ~ 
(heat treated at 500 ~ for 2 h under 6.7 Pa). 
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almost  no difference in transmit tance and no revers- 
ible hysteresis could be observed when these thin films 
were treated under vacuum condit ions below 400 ~ 
(Fig. 13). 
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Figure 12 Infrared transmittance temperature hystereses of g o  2 
thin films (about 440nm thick) on monocrystalline silicon (1 1 1) 
substrates. 
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Figure 14 Infrared spectra of VO 2 powders during heating (*) and 
cooling (**). 

3 . 6 .  I n f r a r e d  a b s o r p t i o n  s p e c t r a  
Fig. 14 shows the infrared absorpt ion spectra of the 
VO2 powders between 4000 and 400cm -1 during 
heating and cooling. The spectra show that due to the 
phase change, the transmittance changes reversibly, 
and the absorpt ion peaks at 744, 542 and 4 6 0 c m -  
disappeared gradually during heating, these peaks 
appearing again during cooling. However,  the peaks 
at 990 and 606 c m - 1  remained stable during heating 
and cooling. 

3.7. DSC curves of  the VO2 powde rs  
Fig. 15 shows the DSC curves of V 2 0 5  powders and 
VO2 powders between room temperature and 120 ~ 
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Figure 15 DSC curves of V~O 5 and VO 2 powders prepared by the 
sol-gel method (heating rate 10 ~ rain-1). 

It is seen that there was no change in the DSC curve of 
VzOs powders, whereas for VO 2 powders, there was 
an endothermic phase transition. 

4. Discussion 
4.1. The thickness of the gel-derived thin 

films 
When using sols of low capillary number as the 
coating solutions, the thickness of one dip-coat- 
ing operation (tp) is given by the Landau Levich 
expression in the form used by Yang [12, 13] 

gp = 0 . 9 4 4 ( N c a ) 1 / o ( q  U/pg) 1/2 (2) 

where Nca is surface capillary number, Nca = r 1U/o, q 

being the dynamic viscosity, U the withdrawal speed 
and ~ the surface tension of the solution, 9 and g are 
the density of the solution and the gravitational accel- 
eration, respectively. 

For a certain system ( q, ~ and p are constants) the 
thickness depends on U. The experiments of Schroe- 
der [14] revealed that all suitable solution followed 
the same relationship, the coating thickness showing 
an approximate dependence on the withdrawal speed 
to the power two-thirds. Yoldas and O'Keffe [15] and 
Mukherjee [-16] found a square root power relation- 
ship between tp and U, and Sakka et al. [17] obtained 
a relationship to a power in the range 0.52-0.62. It is 
obvious from Equation 2 that tp is approximately 
proportional to U 1/2 if Nca is very small. This is in 
good agreement with the experimental data in the case 
of low solution viscosity and low withdrawal speed. 

In the present work the relationship between the 
thickness and the withdrawal speed fits Equation 2 

well because of the low withdrawal speed 
( < 9 cm m i n - 1  see Fig. 14), i.e. low Nca. It is sugges- 
ted that the Lendau Levich expression agrees well 
with the experimental data not only in the case of one 
dip-coating operation, but also in the case of multiple 
dip-coating operations under certain conditions. 

4.2. Relationship between the thermally 
induced reversible phase transition 
and heat treatment conditions of the 
films 

As shown above (Figs 9-13 and Table IV), the phase 
transition difference occurs during heating and 
cooling of the thin films on the same kind of sub- 
strates, of the same thickness, but heat treated under 
different conditions. The reasons are as follows. First, 
thin films prepared by the sol-gel technique have 
lower density than those prepared by another method 
such as vacuum evaporation [7] or r.f. sputtering [8]. 
In the case of gel-derived vanadium oxide thin films, 
boundaries between the [VO6] groups and the pores 
exist and supplementary boundary energy occurs for 
the as-coated films. When the films are heat treated 
under different conditions, the pores in the films col- 
lapse to different extents. Therefore, the phase trans- 
ition is affected by the existing supplementary bound- 
ary energy. The chemical matching of V and O in the 
thin films is another reason. In the films heat treated in 
air, no VO 2 was formed, and no phase change can 
occur. In the films heat treated under vacuum condi- 
tions, VzO5 was reduced to VOx (2.0 _< x < 2.5) at 
high temperatures. The degree of the reduction was 
different at different heat treatment temperatures 
under a particular vacuum condition. The higher the 
temperature, the more complete the reduction and the 
greater the proportion of VO2 in the thin films, and 
the lower the transmittance of the thin films at room 
temperature. The phase transition occurred in the thin 
films heat treated above 400~ under low vacuum. 
This is clearly shown in Fig. 13. Finally, the extent of 
crystallization occurring in the thin films affects the 
phase transition. The higher the heat treatment tem- 
perature, the larger the crystal grain of vanadium 
oxide. Therefore, the extent of phase transition is 
different due to the different extent of crystallization. 
The last two reasons were demonstrated by the ex- 
periments of Fukuma et al. [18]. They found that the 
extent of reflectivity change of VO2.oo3 thin films (heat 
treated at 450 ~ for 4 h in flowing N 2, crystal grain 
size about 50 nm) is larger than that of gO2.006 thin 
films (heat treated at 500~ for 4h in flowing N2, 
crystal grain size 250 nm). 

4.3. Relationship between the optical 
constants and the phase transition 
of V02 

As noted above, g o  2 exhibits a thermally induced 
reversible phase transition near 67~ Below the 
transition temperature (T 0 the [VO6] octahedron in 
the VO~ structure is distorted because of the splitting 
of the 3d-orbit energy level of V 4+ ions in the 
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octahedral crystal field, therefore VO 2 is in a mono- 
clinic structure similar to that of M o O  2. Above Tt the 
distortion disappears, so VO2 is in the tetragonal 
rutile structure of TiO 2. This structural change of VO2 
during heating and cooling results in the change of 
optical, electrical and magnetic properties. 

From Table II it is known that n decreases and k 
increases when heating the sample from room temper- 
ature to 100~ The changes in optical constants 
during phase transition can be explained based on the 
relationship between the optical constants and mater- 
ials structure. 

According to Maxwell's electromagnetic theory and 
the classical mechanics, the above relationship can be 
expressed as 

n 2 - 1 380 c~p 
- (3) 

n 2 + 2  N M 

where M is the molecular weight, P is the density, cz is 
the polarizability, n is the refr/~ctive index, and N and 
eo are Avogadro's number and vacuum permittivity, 
respectively. From Equation 3 it is known that the 
refractive index increases with increasing ion accumu- 
lation density and ion polarizability. 

As is known, the lengths of V - O  bonds (d v_ o) are 
different when [VO6] is distorted in the octahedral 
crystal field in the case of lower temperature below T t. 
The values of dv_ o between V 4+ ion and 0 2- are 
0.126, 0.186, 0.187, 0.201, 0.203 and 0.205 nm, respect- 
ively, in the monoclinic structure 1-19]. Polarization 
occurs when dv-o  is less than the sum of the radii 

of the V 4+ ion and 0 2 ion (Rv_ o = rv4+ + r 2- 
= 0.200 nm). The greater the difference between d v - o  

and R v_o,  the more the polarization and the larger 
the polarizability. However, in the case of VO2 at high 
temperature above Tt, [VO6] becomes tetragonal in 
structure and dv_ o equals 0.194nm, very close to 
Rv_ o. Therefore, the polarizability of monoclinic 
VO2 is larger than that of tetragonal rutile VO 2. As 
the ion accumulation density is similar for these two 
different structures, the refractive index of VO 2 de- 
creases when VO2 changes from monoclinic structure 
at low temperature to tetragonal rutile structure at 
high temperature due to the thermally induced phase 
transition. 

4.4. The reason of the remarkable change 
of infrared absorption spectra 

In the tetragonal rutile VO 2 structure, r v 0 6 ]  belongs 
to the highly symmetrical O h group. Simplified vibra- 
tion modes of octahedral molecule XY 6 of Oh group 
are given in Fig. 16. In this case symmetrical stretching 
vibration modes Vl(Alg), v2(Eg), vs(F2g ) and v6(F21~) 
would not give rise to a dipole moment change of 
full octahedron and therefore these vibrations are 
infrared-inactive and have no absorption peaks in the 
infrared spectrum. However, vibration modes vs(Fx9 
and v4(Fb) give rise to a dipole moment change and 
have absorption peaks in the infrared spectrum. This 
is the reason why some absorption peaks disappear in 
the infrared spectra of VO2 powders above Tt as 
shown in Fig. 14. 
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Figure 16 Simplified vibration modes of octahedral molecule XY 6 of Oh group: (0) 0 and (0) V. 
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Below T t the [VO6] octahedron distorts, and all 
these vibration modes (vl to v6) give rise to a dipole 
moment change, they are infrared-active and all of 
these absorption peaks appear in the infrared 
spectrum. 

5. Conclusion 
VO 2 thin films exhibiting thermally induced reversible 
phase change can be prepared by the sol-gel dip- 
coating method and heat treatment under vacuum. 
The optical properties and optical constants of the 
thin films change remarkably during heating and 
cooling between room temperature and 100 ~ The 
largest changes in transmittance and reflectivity are 
approximately 58 and 25%, respectively, in the case 
of vacuum heat treatment at 400 ~ and silica glass 
substrates. The change in optical constants is due to 
the polarizability change during structural transition 
between monoclinic VO 2 and tetragonal rutile VO 2. 
Above the phase transition temperature, some in- 
frared absorption peaks of VO2 powders disappear 
because of their infrared-inactive vibration of the 
highly symmetrical octahedral structure. 
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