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Epitaxial VO2 films grown by pulsed laser deposition (PLD) method with superior phase transition related switching character-
istics are successfully embedded to SAW devices using concept of the “impedance loaded SAW sensor”. A resistance of VO2 
sensor abruptly drops from 0.7 MΩ to 90 Ω when it is heated above ~65°C and shows a narrow hysteresis loops when switching. 
Two designs of SAW devices are examined in which RF signal is reflected back from interdigital transducer (IDT) or a surface 
acoustic waves (SAW) is transferred through a coupler and the RF response is altered 2 and 3 times correspondingly upon the 
phase transition in VO2. In the proposed devices with external load, a SAW does not propagate via VO2 film and therefore is not 
attenuated which is beneficiary for wireless applications. Additionally, a SAW phase shift as great as 50° is induced to the SAW 
transferred through the coupler due to the phase transition in VO2. The proposed approach may boost the development of remotely 
controlled autonomous sensors, including those based on VO2 metamaterials and hybrid plasmonic structures for near IR/middle 
IR and sub-THz/THz applications.
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1.  Introduction

Interest to cost-effective surface acoustic waves (SAW)-
based wireless autonomous devices has gradually increased 
recently. Rapid development of information technologies 
urges design of new types of remotely controlled sensors 
to monitor various physical quantities including resistance, 
capacitance, temperature and radiation in all ranges from 
UV/visible/near IR/middle IR and THz/sub-THz. Moreover, 
many sensors for gasses, viruses, hazardous bacteria and 
molecules do also exploit resistance/capacitance alteration. 
Embedding of all these sensors to SAW devices is highly 
desired. However, deposition of many functional materials 
directly on SAW channel faces serious issues. Epitaxial films 
typically show best characteristics. However, not all high 
quality epitaxial films may be grown on SAW channel which 
is normally a special cut of piezoelectric crystal. Also, many 
sensors with 3D nanostructures such as arrays of nanowires, 
metal-organic frameworks and others being deposited on 
acoustic channel often induce dramatic attenuation of acous-
tic wave which limits or completely damages the device 
performance.

Instead of depositing a sensing element on acoustic chan-
nel, an alternative approach may be exploited, namely, one 
may load an interdigital transducer (IDT) of a SAW device 
with sensors impedance. This strategy called “impedance 
loaded device” allows one to successfully embed many qual-
ity functional materials to SAW devices. The efficiency of 
this approach has already been demonstrated in our patents 
and recent report on ZnO-based UV SAW photodetector and 
also was discussed in other studies.1–6 Briefly, an impedance 
of a sensor element which is loaded on IDT alters a SAW 
pulse which is reflected form this IDT. By analyzing the alter-
ation of RF response, one may monitor the target physical 
quantity which is linked to impedance of a sensor.

VO2 is well known for its ultra-fast ~26–100 fs switching 
ability from isolator to metallic state due to its conductivity 
alteration for more than four orders of magnitude.7,8 The fast 
change of the electronic structure and a crystalline phase of 
VO2 may be induced by heating above ~68°C, by mechanical 
stress or by high local electric fields including those due to 
optical excitation.7,9–11 A capacitance of VO2 thin film may be 
also altered by applying electric bias.12 Transformed electronic 
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structure of VO2 results in its modified UV/visible/near IR and 
sub-THz/THz photon absorption which makes VO2 favorable 
for photodetectors, optically/THz driven switches, switchable 
SAW splitters, reflectors and photonic devices.13–15 Besides, 
more complicated phenomena such as conversion of a near 
infrared fs-pulse to THz radiation in VO2 make it prospective 
for new THz sources.16 Also, unique properties of VO2 make 
it also advantageous for sensing applications.

Thin VO2 films are fabricated by several methods includ-
ing DC-magnetron sputtering, sol–gel method, chemical 
vapor deposition (CVD), molecular beam epitaxy (MBE) 
and pulsed laser deposition (PLD).17–26 Discovered PLD 
regimes allow one to obtain VO2 film of high crystalline 
quality which is often favorable for device performance. In 
particular, a ~10000-fold resistivity alteration was obtained 
in epitaxial VO2 films grown on m-Al2O3 and on c-Al2O3.25,26 
Super abrupt R(T) drop and narrow temperature hysteresis 
loop in R(T) characteristics with very small ∆Tc of only 1° 
was also reported for high quality epitaxial films.26 However, 
epitaxial VO2 films are typically grown at elevated tempera-
ture of ~630°C and only on a special cut of crystalline sub-
strate, normally sapphire, when materials lattice parameters 
are best fit. Therefore, a direct growth of quality VO2 film on 
a LiNbO3 SAW channel is seriously limited. Thus, embed-
ding of a quality sensor based on epitaxial VO2 film to SAW 
device is challenging.

In this paper, we further develop our approach of “imped-
ance loaded” sensor. We show how external sensing element 
based on high-quality epitaxial VO2 film preliminarily grown 
on c-Al2O3 substrate may be successfully embedded to SAW-
based devices. Two SAW devices where VO2 sensing element 
is connected are as follows: (i) Input receiving–transmitting 
IDT and to (ii) intermediate SAW splitting IDT are exam-
ined. The impedance of VO2 external sensor is gradually 
altered near isolator-to-metal phase transition which results 
in significant variation of RF response.

2.  Experimental Details

2.1.  Fabrication of VO2 films

VO2 films were prepared on c-Al2O3 substrates by using PLD 
method. Radiation of KrF laser (248 nm, 10 Hz) was focused 
on rotating metallic vanadium target to give fluence of 2.3 J/
cm2. The substrate was positioned at 5 cm from the target and 
its temperature was stabilized in the range of 600–650°C for 
different samples. The films were deposited in oxygen ambi-
ent at pressure of 3 − 7.5·10−2 mbar for 4000 laser shots. We 
have experimentally found that films prepared using a proto-
col with a 5 min pause after the first 500 shots reveal much 
more abrupt resistance versus temperature characteristics. 
Therefore, this protocol was applied to all discussed samples. 
Upon the deposition, the films were kept for 20 min at 650°C 
and afterwards were cooled down to room temperature in 
oxygen ambient.

2.2.  Design of SAW devices

Two types of SAW devices shown in Fig. 1 were fabricated 
on piezoelectric YX-128° LiNbO3 substrates. Device A is 
a SAW delay line which consists of receiving–transmitting 
IDT1 and reflecting IDT2 as shown in Fig. 1(a). Both IDTs 
contain 17 internal reflectors which are designed to gener-
ate SAWs with central frequency of 97.5 MHz. In Device 
A, resistive sensor based on epitaxial VO2 film is loaded on 
the input receiving–transmitting IDT. We showed high effec-
tiveness of monitoring reflection characteristics S11 to detect 
sensors impedance alteration in a similar device in our previ-
ous study on impedance loaded ZnO-based UV photodetec-
tor.3 The electric circuit of a sensor was tuned using external 
inductance coil and capacitor to achieve optimal coupling of 
sensor with IDT and, thus, obtains best performance.

In Device B, a resistive VO2 sensor is connected to inter-
mediate SAW splitting IDT, as shown in Fig. 1(b). An acous-
tic wave incident to this splitting IDT is partially reflected 
back to input receiving–transmitting IDT and is partially 
transferred to the second acoustic channel. In such case, the 
wave is readily transferred from the first to the second acous-
tic channel only if the resistance of a VO2 film is compared to 
50 Ω. Upon the VO2 phase transition, the unidirectional IDTs 
in different delay lines are connected in parallel via small 
VO2 resistor. IDTs become well electrically coupled which 
results in generating a SAW in second acoustic channel. The 
reflection of incident SAW from coupler becomes minor. 
When the resistance of VO2 film is significant, the IDTs are 
electrically disconnected. Incident SAW is well reflected 
back to the first channel as it does not transfer to the second 
channel. In such schematics, the influence of VO2 resistance 

(a)

(b)

Fig. 1. SAW delay line with impedance of VO2 film loaded on in-
put receiving–transmitting IDT (a) and on intermediate SAW split-
ting IDT (b).
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on the recorded S11 characteristics is greater compared to 
the device with a single delay line and VO2 film loaded on 
reflecting IDT. Indeed, in case of Device B, SAW is shown to 
have affected in a greater manner by VO2 films resistance as 
it passes through the coupler twice when traveling from the 
input to the receiving–transmitting IDT and back.

S-parameters were recorded by using a network analyzer 
OBZOR 304/1. The X-ray diffraction (XRD) measurements 
were carried out using an ARL XTRA diffractometer with 
CuKα-radiation at 35 kV and 30 mA. The scan step was 
0.02°.

3.  Results and Discussion

3.1.  Structural properties of VO2 films

The XRD pattern of a typical VO2 film deposited on c-Al2O3 
substrate shown in Fig. 2 reveals peaks at 39.9° and 86° 
which correspond to (020) and (040) reflexes of monoclinic 
VO2 phase. No other peaks were observed which claims that 
the films are epitaxial with (010) planes oriented parallel to 
c-Al2O3 substrate. FWHM of (002) and (040) peaks were 
measured to be as narrow as 0.18° and 0.20°, correspond-
ingly, which claims on a high crystalline quality of prepared 
films. The unit cell parameter c calculated from the positions 
of (020) and (040) reflexes is 0.4521 nm which is slightly dif-
ferent from c = 0.4532 nm for monoclinic VO2 powder sam-
ple, exhibiting a minor compressive stress due to film and 
substrate lattice parameters mismatch.27

3.2.  Study of temperature induced resistance alteration 
in VO2 films

The obtained films reveal great switching characteristics with 
resistance altered for more than three orders of magnitude 

from 0.7 MΩ to 90 Ω upon the phase transition as shown 
in Fig. 3(b). The quality of electrical switching properties is 
well illustrated by the dip in derivative of Log10 R(T) value 
plotted as function of film temperature as shown in Fig. 4. 
These curves allow one to accurately estimate a number of 
parameters including phase transition temperature TPT, sharp-
ness ∆T and width ∆H of thermal hysteresis. The parameters 
of films prepared at optimal deposition conditions are sum-
marized in Table 1.

We have found that the quality of VO2 film obtained by 
ablating a metallic vanadium target is heavily dependent on 
oxygen pressure. To optimize the films characteristics, we 
first varied oxygen pressure while a temperature of c-Al2O3 
substrate was chosen to be 600°C. The R(T) characteristics 
of prepared films are shown in Fig. 3(b). The films depos-
ited at oxygen pressure of 6×10−2 mbar reveal greatest 100-
fold resistance alteration upon phase transition with typical 
resistance of ~1 kΩ in high conductivity state. Definitely, the 
electrical characteristics of best samples obtained at 600°C 

Fig. 2. XRD pattern of VO2 film on c-Al2O3 substrate deposited at 
600°C and oxygen pressure of 6·10−2 mbar; * denotes parasite peaks 
of a sapphire substrate.

(a)

(b)

Fig. 3. R(T) curves of VO2 films grown on c-Al2O3 substrates at 
600°C and various oxygen pressure; (a) temperature dependent vari-
ation of resistance R(T) of VO2 films deposited on c-Al2O3 substrate 
at 600°C (Sample 1) and 650°C (Sample 2) and at oxygen pressure 
of 6×10−2 mbar (b).
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are not good enough to function as a sensor for a SAW device 
and further optimization of growth temperature was required. 
Thus, we fixed the oxygen pressure at 6×10−2 mbar and raised 
temperature to 650°C.

Note that our aim was to find out the deposition proto-
cols to prepare VO2 films with both abrupt phase transition 
and narrow temperature hysteresis loop which in addition are 
optimally embedded to SAW devices A and B. The perfor-
mance of devices A and B is optimal when the resistance of 
VO2 film in conducting state is lower than 100 Ω. Indeed, the 
reflection of a RF signal from IDT in case of device A or a 
transfer of a SAW between delay lines in case of device B are 
both optimal when VO2 is highly conductive. Sample 2 fits 
this requirement well.

3.3.  Characterization of SAW devices based on VO2  
film sensor

An observed significant temperature-dependent alteration 
of the VO2 films resistance can be effectively monitored by 

using SAW devices A and B. In case of Device A equipped 
with VO2 film, we tuned the S11 characteristics to make it 
as uniform as possible by adjusting the capacitance of CADJ 
in the regime when the film has metallic-like properties (at 
temperature above phase transition). The optimized shape of 
the obtained S11 characteristics is shown in Fig. 5 in red. In 
the result of VO2 films, impedance alteration induced by iso-
lator-to-metal phase transition an amplitude of oscillations in 
S11(f) characteristics as well as in its Fourier transform S11 (t) 
are more than three times decreased, as shown in Figs. 5(a) 
and 5(b), correspondingly.

Table  1. Synthesis temperature Ts, phase transition temperature 
TPT, sharpness ∆T, width ∆H of thermal hysteresis, a minimal 
resistance Rmin at temperature above phase transition and resistance 
ratio Rratio of sample in isolator and metal-like states.

Samples
Ts  

(°C)
TPT  

(°C)
∆T  

(°C)
Rmin  
(kΩ)

∆H  
(°C) ∆Rratio

VO2/c-Al2O3 (Sample 1) 600 52.85 14 1.3 5.3 102

VO2/c-Al2O3 (Sample 2) 650 63.94 6.7 0.09 3.26 7.6·103

For the transition temperature TPT and sharpness ∆T, the given values are 
averaged data for heating and cooling curves.
R(T) dependence for Sample 2 deposited at 650°C reveals much higher 
phase transition temperature and more abrupt resistance drop compared to 
Sample 1 grown at 600°C as shown in Figs. 3(b) and 4. Resistance of Sample 
2 in metallic-like state and a width of heating–cooling hysteresis loop width 
∆H are both decreased to be 90 Ω and 3.26°C compared to 1.3 kΩ and 5.3°C 
for Sample 1. These results are summarized in Table 1.

(a) (b)

Fig. 4. Derivatives of Log10 R(T) versus temperature for VO2 films deposited on c-Al2O3 substrate at 600°C (a) and 650°C. (b) and at oxygen 
pressure of 6 × 10−2 mbar. FWHM of corresponding curves and phase transition points is shown.

(a)

(b)

Fig.  5. (Color online) S11 characteristics of Device A with VO2 
film (Sample 2) loaded on input IDT at VO2 temperature of 55°C 
(blue) and at 80°C (red) below and above phase transition, corre-
spondingly (a) and Fourier transforms of S11 characteristics (b).
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The decreased amplitude of S11 characteristics is under-
stood as follows. The impedance of VO2 film, mainly its con-
ductivity, does influence on the ability of an incident electric 
signal to generate a SAW in delay line as well as on reflection 
of incident RF electric signal. Also, the reflection coefficient 
of SAW incident to IDT1 when it is propagating back from 
reflecting IDT2 to input IDT1 is also altered, however the 
input of this effect is minor. More specifically, while a VO2 
film is in isolator-like state a SAW is readily generated in 
delay line and a SAW reflected from IDT2 is transformed 
back to electric signal by IDT1. While a VO2 film is in metal-
lic-like state the RF signal is well reflected from IDT1 back to 
electric channel and SAW generation is suppressed.

Alternatively, the resistance of obtained VO2 films was 
switched due to photothermal effect induced by absorption of 
near IR light. A continuous laser light at 980 nm was focused 
on the surface of VO2 film in Sample 2 to give power den-
sity of ~100 mW/cm2 which is embedded to SAW device A. 
Sample 1 was additionally heated to 65°C. At this tempera-
ture, a VO2 film is already in the second half of the phase 
transition and resistance drops to ~200 Ω. However, this 
resistance is still too high to induce a noticeable alteration 
of SAW device response. Then, the sample is additionally 
exposed by IR light the resistance drops to ~90 Ω. The effect 
of near IR light on S11 characteristics of device A is shown in 
Fig. 6. In contrast to Fig. 5, where an almost complete disap-
pearance of the S11 peak was observed, there is no complete 
attenuation of this S11 peak in Fig. 6. Apparently, this is due 

to the fact that when the film is heated by an IR laser, a tem-
perature of 80°C is not reached.

A Device B with SAW splitting IDT which is coupled/
decoupled to acoustic channel shown in Fig. 1(b) also allows 
one to monitor alteration of VO2 films resistance. A recorded 
S21 characteristics shown in Figs. 7(a) and 7(b) allows one to 
monitor an amount of a SAW energy which is transferred from 
first to second acoustic channel. High conductive state of VO2 
film results in short-cut of two IDTs in SAW channels 1 and 
2. Therefore, the amplitude of a SAW transferred from first to 
second acoustic channels is increased twice. And vice-versa, 
when a VO2 film has a large resistance, a coupling of two SAW 
channels breaks. It is also remarkable that the alteration of VO2 
films results in a phase shift of a SAW in the second acoustic 
channel as shown in Fig. 7(c). The observed phase shift for 
~50° corresponds to SAW velocity altered for 0.016%.

(a)

(b)

Fig.  6. (Color online) S11 characteristics of Device A with VO2 
film (Sample 2) loaded on input IDT at temperature of 65°C in dark 
(red) and exposed with near IR light (980 nm, ~100 mW/cm2) (blue) 
(a) and Fourier transforms of S11 characteristics (b).

(a)

(b)

(c)

Fig.  7. (Color online) S21 characteristics of Device B with im-
pedance of VO2 film loaded on splitting IDT at VO2 temperature 
of 30°C (blue) and at 80°C (red) below and above phase transition, 
correspondingly (a) and respective Fourier transforms of S11 charac-
teristics (b) and phases of S21 characteristics (c).
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The effect of near IR radiation to Device B is similar 
to the one discussed above for Device A (not shown here). 
Therefore, a Device B can also be considered as an effi-
cient splitter of the RF signal controlled by using infra-
red radiation. Note that an applied approach of external 
“impedance sensor” is well compatible with higher fre-
quency SAW devices operating at 2.4 GHz. Indeed, a SAW 
is not propagating inside a sensing element and, thus, is 
not attenuated, allowing precise monitoring of sensors 
impedance.

4.  Conclusions

We have implemented a concept of the “impedance loaded 
SAW sensor” to embed a high quality epitaxial VO2 film to 
SAW devices. The VO2 sensor being the external load out-
side the acoustic channel does influence on the RF signal 
reflection from IDT or SAW transfer to another channel how-
ever not attenuating a SAW which is beneficiary for wireless 
applications. Electrical characteristics alteration induced 
by phase transition in VO2 film were optimized by varying 
oxygen ambient pressure and growth temperature to meet 
requirements for embedding of a sensor to SAW device. 
Best epitaxial VO2 films grown by our PLD protocol show 
great switching characteristics with resistance altered from 
~0.7 MΩ to ~90 Ω and narrow R(T) hysteresis loop. We have 
characterized two SAW devices in which VO2 sensing ele-
ment is connected to input receiving–transmitting IDT or 
to intermediate SAW splitting IDT in which the response 
is altered more than three times or more than twice corre-
spondingly upon phase transition in VO2. Also, a 50° SAW 
phase shift is observed for SAW transmitted through the 
coupler. Additionally, the proposed devices were shown to 
operate as near IR photodetectors/optically controlled RF 
splitters which are prospective building blocks for smart 
wireless applications. We believe that the proposed approach 
will boost the development of remotely controlled autono-
mous sensors, including those based on VO2 metamaterials 
and hybrid plasmonic structures for near IR/middle IR and 
sub-THz/THz applications including 6G communication 
technology.
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