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Abstract. In order to develop environmental self-adaptation electromagnetic protection materials, 
VO2 thin films with different thickness have been prepared on high-purity single-crystal Si 
substrates by Sol-Gel method. A phase transition testing system was manufactured based on static 
high voltage source and copper electrode fixture. The field-induced phase transition of VO2 thin 
films has been researched through the variation of electric field intensity. The results show that the 
materials express an obvious MIT feature at 600 kV/m. The variation of conductivity reaches more 
than 2.6 magnitudes at 700 kV/m and far from saturated. And there is still much room with the 
increase of external electric field. 

1.  Introduction 
With the development of electronic information equipment, power system towards highly 

integrated, small size, low power consumption direction, advanced high-power radar and other 
frequency equipment widely deployed, especially with a growing potential threat in the high-power 
microwave (HPM ) [1], ultra wideband (UWB)[2] represented by the electromagnetic pulse 
weapons, leading to an increasingly complex battlefield electromagnetic environment. 
Electromagnetic protection [3] materials as the cornerstone of electromagnetic weaponry protection 
have been playing an irreplaceable role and become an important branch in the field of 
electromagnetic compatibility and protection. Conventional electromagnetic protection materials, 
mainly isolated electromagnetic interference and electronic equipment in the physical level, this 
passive protection method can not process the contradiction protection between the send and 
receive of information under normal environment and strong electromagnetic interference. 
F.J.Morin [4]first discovered the vanadium oxides [5] having a phase transition and the conductive 
switching characteristics in the United States Bell Labs at the year of 1959,of which the vanadium 
dioxide showing a reversible MIT at 68 degrees with a sudden change of optical and electrical 
constant has become a research focus. Thin film morphology of vanadium dioxide can overcome 
the disadvantages of its single crystal state can easily crack [6] after multiple cycles of phase 
transition. Vanadium dioxide thin films have wide application prospects among the fields of 
conductive materials, architectural smart windows [7,8], and laser protection [9] devices. Present 
research mainly focused on phase transition by thermal excitation trigger, however the conductive 
switching characteristics of vanadium dioxide films under strong electric field environment from 
the perspective of electromagnetic protection were rarely reported. 

In this work, we prepared VO2 thin films with different thickness on high-purity single-crystal Si 
substrates via Sol-Gel followed by thermal annealing. The chemical composition and microcosmic 
morphology of the films were characterized by X-ray diffractometer and scanning electron 
microscopy. An electrical characteristics testing system based on static high voltage source and 
copper electrode fixture was manufactured in order to study the MIT properties of VO2 thin films 
under strong electric field. The experimental results provide a reference to the design and test of 
electromagnetic protection materials. 
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2.  Experimental 
The aqueous sol was prepared using the method directed by document[10], heating 5g of V2O5 

power crucible into the temperature of 880℃ and kept the temperature until the power completely 
molten then pouring it into 300 ml of distilled water at room temperature. After fiercely stirring 2 h 
and still standing 24h the sol was filtered. The Si chips were ultrasonic cleaned 30 minutes by 
acetone and ethyl alcohol one after another then putting the chips into piranha lotion in water bath 
at 90 ℃ for an hour. The chips were finally cleaned by distilled water and pure N2. 

The thin films were prepared by dip-coating method. Chips were dipped vertically into sol 
standing for 2 minutes and pulled vertically with a constant speed of 4 mm/s; xerogel thin films 
coated on chips were prepared after dried in the oven at 100℃.Films with different thickness can 
be obtained by repeating the above procedure. In this work, 3 and 5 coats were applied in total for 
sample 1 (S1) and sample 2 (S2), respectively. Reduction of the thin films to VO2 was achieved by 
thermal annealing with a heating rate of 8 ℃/min in a vacuum furnace at 500℃ for 2 h in the 
atmosphere of Ar. 

3.  Results and discussion 
3.1 XRD and SEM analysis 

The crystal structure and surface morphology of VO2 films were investigated by an X-ray 
diffractometer using Cu K α and scanning electron microscopy. 

Fig.1 and Fig.2 shows the X-ray diffraction patterns for VO2 films S1 and S2 on Si substrates. 
Two peaks at 2θ=27.8° and 2θ=44.7° are found both in Fig.1 and Fig.2, corresponding to the (011) 
and (012) plane of VO2 phase. It is obvious that the (011) peak is much stronger than the (012) peak 
of VO2. The full-width-at-half-maximum (FWHM) of (011) plane peak for films S1 and S2 is 0.339° 
and 0.351°, respectively. Another strong peak in both Fig.1 and Fig.2 at 2θ=69° turns out to be the 
(400) plane of high-purity single-crystal Si substrate. According to the Scherrer’s formula, the thin 
films have a better preferred orientation with increase of their thickness. The results of XRD 
analysis indicate that the thin films prepared by sol-gel are mainly consist of VO2. 

 

 
Fig.1 XRD spectra for VO2 thin films S1 on Si substrates 
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Fig.2 XRD spectra for VO2 thin films S2 on Si substrates 

Fig.3 shows the SEM results of surface morphologies for samples. There are many obvious 
square particles on the surface of thin films and all of them have average size. It corresponds to the 
monoclinic structure of VO2 at room temperature. 

 
Fig.3 SEM images for VO2 thin films 

3.2 MIT properties under strong electric field 
For thin films in the research of electric field-induced phase transition with characteristics of 

long dynamic range, high field strength and insulation requirements, fast response speed, a phase 
transition testing system was manufactured based on static high voltage source and copper electrode 
fixture. Fig.4 exhibits the schematic diagram of the testing system. 
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Fig.4 Schematic diagram of test system 

A static high voltage source provides the strong electric field environment with a maximum 
output voltage of ±120 kV, security current limiting of 2.5 mA, and step precision of 100V; A 
current limiting resistance R1 (R1=30 MΩ) has been used in series in order to make the current at a 
safe level. It’s unable to measure the data of the samples under strong electric field, so a sampling 
resistance R2 (R2=1000 Ω) is added to the circuit; The resistance of samples were calculated by 
output voltage of DC and current measured through oscilloscope in circuit.  
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Fig.5 shows the design of fixture with size of 10mm×10mm×50mm. In order to avoid point 
discharge [12], all other sides were made into chamfer shape except the sides which contacted to the 
samples. The whole device was placed in a tailor-made glass container filled with SF6 to increase 
its electrical insulation. 

 
(a) fixture model                     (b) real product 

Fig.5 Design of copper electrode fixture 
The conductivity of VO2 thin film samples under different output voltage was calculated through 

Eq. (1) , 
2
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Fig.6 exhibits the relationship between conductivity and electric field. It can be found in Fig.6 that 
both S1 and S2 show an outstanding MIT property with the increase of average intensity of electric 
field. S1 with lower thickness shows phase transition at 500 kV/m while for S2 with larger 
thickness at 600 kV/m. The conductivity for S1 and S2 changes more than 280 and 400 times, 
respectively. The variation of conductivity for S2 reaches more than 2.6 magnitudes at 700 kV/m 
and far from saturated. And there is still much room with the increase of external electric field. 

Compared with S1, two more coats were applied for S2 leading to a larger thickness and a more 
complete crystal structure. That makes the VO2 thin films possess better MIT properties and 
nonlinear coefficient for the change of conductivity while the phase transition happens. In addition, 
multiple retests on both S1 and S2 show that there is no obvious variation of conductivity. The test 
results indicate that the VO2 thin films prepared by sol-gel method have stable and reversible 
field-induced MIT properties. 

 
(a) S1 
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(b) S2 

Fig.6 Variation tendency of conductivity of thin film samples 

4.  Conclusions 
In conclusion, VO2 thin films with single-component and complete crystal structure were prepared on 

high-purity single-crystal Si substrates by inorganic sol-gel method. With the increase of films’ thickness, change 
of conductivity for S2 can be more than 2.6 magnitudes and increases 50% compared to S1.The experimental 
results of conductivity test indicated that VO2 thin films have the characteristics of large variation tendency, high 
nonlinear coefficient and stable phase transition. 
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