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Abstract. Preparation of phase change electric field adjustable vanadium dioxide thin films on 
Al2O3 ceramic substrates by inorganic sol - gel method and vacuum annealing process. By changing 
the annealing process to adjust the proportion of vanadium dioxide in the film to achieve changes in 
its phase change electric field threshold. And It had been found that the electric field intensity 
transformation point was reduced from 1.8MV/M to 0.4 MV/M and Phase change electric field 
strength decreased by about 4 times. It has also been found that the resistance abrupt multiplier 
decreased as the field phase change point decreased and the change range of the phase change was 2 
× 103 ~ 1 × 102. 

Introduction 

Vanadium dioxide can be reversibly changed from monoclinic structure to tetragonal rutile structure 
at near room temperature (about 68 °C) [1], and its optical, magnetic, electrical properties have also 
mutated with the crystal structure. This excellent optical electromagnetism makes VO2 a great 
potential in smart windows [4], electrical switches [5], terahertz devices [6]. 

With the continuous research of vanadium dioxide in recent years, the control technology of 
vanadium dioxide phase transition temperature has been basically mature, mainly in the following 
three ways: adjust the applied stress[8-9], control the microstructure[10-12] and ion doping[13-15]. 
But the control of the phase change field strength was basically not studied, There were two main 
reasons for this. On the one hand, most of the applications of vanadium dioxide were mainly based 
on the theoretical basis of the thermo-phase transition of vanadium dioxide. On the other hand, the 
effect of ion doping on the transformation field of vanadium dioxide was not obvious. In this way, 
the successful development of a preparation of vanadium dioxide film adjustable phase change 
electric field technology was very meaningful. 

The regulation of the phase change electric field can also be divided into three methods: 
regulating the external stress, controlling the microstructure and ion doping. However, due to ion 
doping on the vanadium dioxide electric field threshold control was not obvious, so the control of 
micro-morphology was preferred. For the control of micro-morphology can be also divided into the 
following categories: control the film's compactness, control the size of grain and control the 
content of VO2. For the electrical performance, the film should have a high density. In the case of 
grain size, the size of the grains could change the phase transition point of the electric field, the 
principle was similar to that of the ZnO nano-particles, but it was difficult to prepare by using sol-
gel. In contrast, the simpler method of controlling the intensity transition point of the electric field 
was to change the content of VO2. the amount of V2O5 reduced to VO2 was controlled by using the 
vacuum annealing process. So that the proportion of controlled VO2 in the film can be achieved. 
And so the purpose of controlling the intensity transition point of the vanadium dioxide electric 
field was realized. 
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In this paper, VO2 thin films were prepared by inorganic sol-gel method and vacuum annealing 
process. The phase change electric field was prepared by changing the vacuum annealing 
temperature on the Al2O3 ceramic substrate. And the temperature phase transition point test and the 
electric field intensity transformation point test were carried out for each sample. It was found that 
the phase transition point of vanadium dioxide was reduced from 1.8MV/M to 0.4 MV/M, and the 
phase transition electric field was reduced by more than 4 times. It was also found that with the 
decrease of phase transition point of electric field intensity, the resistance abrupt multiplier was 
reduced (2 × 103 ~ 1 × 102). 

Experimental Process 

Preparation of  VO2 Thin Films 

Preparation of V2O5 sol 

The VO2 thin films were prepared by inorganic sol-gel method and vacuum annealing process. The 
specific experimental procedure was as follows: take 5g V2O5 (purity 99.9%) in the crucible into the 
850 °C muffle furnace for 15min. Take 250 ml of deionized water in a beaker, the beaker placed on 
a magnetic stirrer, select the speed of 2800 r/min, the molten vanadium pentoxide was rapidly 
introduced into deionized water, after stirring for one minute, the beaker was placed on a constant 
temperature stirrer at a temperature of 60 °C for 2 h. At last the solution was allowed to stand for 48 
h. 

Cleaning of the substrate 

The substrate was placed in a mixed solution (8: 2) of anhydrous ethanol and acetone for 1 h, and 
then placed in concentrated solution (1: 9) of concentrated hydrochloric acid and deionized water 
for 1 h. Finally rinse off with deionized water. 

Pull the coating 

The cleaned substrate was placed on the clip of the pull-up coating machine, select the coating 
parameters: The descending speed is 2000um/s, the standing time in the sol is 100 s and the pulling 
speed is 2000um / s, after the completion of a pull, the vanadium pentoxide wet film was dried in a 
100 °C oven for 15 min and then subjected to a second coating and circulated 4 times. In order to 
increase its adhesion[16], the coated vanadium pentoxide dried film was dried in a 200 °C oven for 
200 min. 

Vacuum annealing 

Vacuum annealing is the most critical step in the preparation of phase change electric field 
threshold adjustable vanadium dioxide, where annealing temperature and annealing vacuum are 
important for V2O5 to be fully reduced to VO2. During the annealing process, the sample is reduced 
from V2O5 to VO2, which is a process for the precipitation of oxygen. If the annealing temperature 
is low enough, when a part of the sample V2O5 converted to VO2, the precipitation of oxygen in the 
annealing furnace will reduce the vacuum, and thus fail to restore the conditions of VO2, V2O5 can 
only be reduced to V6O13. So the level of control of the annealing temperature can be indirectly 
controlled V2O5 converted to the amount of VO2, and thus control the content of VO2 in the film. 
The specific implementation process was as follows: three samples were annealed at 480 °C, 
500 °C and 520°C, respectively, the annealing time was 8 h, heating and cooling rate was 11°C/min 
and the vacuum was 50 Pa to 100 Pa. 

Test Methods 

Two different methods were used to test the temperature transition point and the electric field 
strength change point of the material. 
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Fig1.Temperature phase change point test schematic  

 

Fig 2. electric field strength phase change point test system schematic diagram 

Three temperature samples were tested using a two-probe test system, specific test chart shown in 
Figure 1. Two probe spacing 1CM, and the bottom of the substrate was the temperature control 
system, the accuracy of temperature was 0.5 °C. In order to ensure the sensitivity of the temperature 
test system to temperature, the whole system was sealed in a heat preservation chamber and 
insulated from the outside. Finally Keithley 4200-SCS was used to collect test data. 

The high voltage test system was used to test the phase transition point of the electric field, 
specific test chart was showed in Figure 2. A large capacitor was used as a voltage source, this was 
mainly because on the one hand large capacitors was used to avoid damage to high voltage sources, 
on the other hand in high pressure environment, high voltage output was  instability. During the 
test,fist  turn off the switch 1 and turn on the switch 2 to charge the capacitor, and then turn on the 
switch and turn off the switch 2 to test the material. Moreover current limiting resistor R1 resistance 
was 30 MΩ, and the sampling resistor R2 resistance was 1000 Ω. In addition the fixture was made 
of copper electrode, the size was 10mm × 10mm × 50mm, the distance between the two fixtures 
was 2mm. Furthermore the two electrodes in contact with the surface of the material, the rest were 
made all over the chamfer, to avoid cutting-edge discharge, at the same time, in order to avoid 
flashover due to high voltage flash [17], fill in the temperature control system SF6. The sample 
resistance was measured by the DC output voltage U0 and the oscilloscope voltage U2 calculated by 
Equation 1, and the phase change electric field was calculated by Equation 2 

1

R
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U
U R U R U R
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        (2)

 

Test Results and Analysis 

Fig.3(a) showed the relationship between the temperature transition point at different annealing 
temperatures. It was also showed that as the annealing temperature decreases, the resistance 
decreases at room temperature. For example, when the vacuum annealing temperature was 520 °C, 
the resistance at room temperature was 10 MΩ, when the vacuum annealing temperature was 
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500 °C, the resistance at room temperature was 0.6 MΩ, and when the vacuum annealing 
temperature was 480 °C, the resistance at room temperature was 0.6 MΩ, The main reason for this 
phenomenon was the lower the annealing temperature, the less the content of VO2 in the film, and 
another reason was other valence of the vanadium oxide resistance was lower than VO2 at room 
temperature. At the same time, we also found that the temperature transition point of the three 
samples did not change, indicating that this method does not affect the material phase transition 
temperature, but would change the material before and after the transformation of the resistance 
value. 

 

    (a)                                                                           (b) 

Fig 3 Temperature (a) and electric field strength (b) transformation point test chart 

Figure 3 (b) shows the relationship between the phase transition point of the electric field at 
different annealing temperatures. It could be seen from Figure 3 (b) with the annealing temperature 
decreases, the electric field intensity transition point was also constantly reduced. When the 
annealing temperature was 520 °C, the electric field intensity transition point was 1.8MV/M, when 
the annealing temperature was 500 °C, the electric field intensity transition point was 0.8MV/M and 
when the annealing temperature was 480 °C, the electric field intensity transition point was 0.4 
MV/M. But at the same time we also found that with the VO2 thin film electric field strength 
transformation point of the reduction, the phase change factor also decreased. For example, When 
the annealing temperature was 500 °C, the resistance change was 3 × 102 times and when the 
annealing temperature was 480 °C, the resistance change was 1× 102 times. The main reason for 
this phenomenon was that the reduction of the electric field intensity transition point was achieved 
by reducing the content of VO2 in the film, the lower the content of VO2 in the film, the less energy 
it needed to excite the electric field. However, with the decrease of VO2 content in the film, the 
phenomenon of phase change was less obvious because the vanadium oxide containing more 
valence in the film reduced the resistance value of the film at room temperature. So the phase 
transition factor decreased as the phase transition point of the electric field decreased. The Fig 3 (b)  
also showed that by using this method of preparation reduced the intensity transition point of the 
VO2  for electric field  was below 1MV/M, about 0.4 MV/M, which was reduced more than 4 times. 

Conclusion 

In this paper, three samples with annealing temperature of 520 °C, 500 °C and 480 °C were 
prepared on the Al2O3 ceramic substrate by using inorganic sol-gel and vacuum annealing, and the 
temperature transformation point test and the electric field intensity transformation point test were 
carried out for the three samples respectively. It was found that the vanadium dioxide thin film 
prepared by using this method did not affect the phase transition temperature, and all the phase 
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transition temperature of the three samples were 68 °C, but it would affect the phase change factor 
(2 × 103 ~ 1 × 102). At the same time, the phase transition point of the electric field intensity of the 
three samples showed a significant change. It was found that the phase transition point of the 
electric field decreased from 1.8MV/M to 0.4MV/M with the decrease of annealing temperature. In 
this experiment, it was proved that the phase transition point of the electric field could be adjusted, 
and the phase transition point of the VO2 electric field was reduced to less than 1 MV/M, about 0.4 
MV/M, and the field strength was reduced About 4 times by using this method. In summary, it was 
of great significance to extend the application range of vanadium dioxide by using this method. 
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