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Abstract—Dual-mode flexible ZnO/polyimide surface acoustic 

wave (SAW) based ultraviolet (UV) light sensors were fabricated 
and their performances were investigated. UV light sensing 
measurements showed that the responses of the dual wave modes 
of the sensors increase with the increase of light intensity and the 
frequency changes linearly with the change of light intensity. 
Under a 4.5 mW/cm2 UV light illumination, the resonant 
frequency of the Rayleigh wave decreased up to ~43 kHz, while 
that of the Lamb wave was approximately 76 kHz. The UV light 
sensitivities for the two resonant modes are 111.3 and 55.8 
ppm/(mW/cm2), respectively. The resonant frequency, phase 
angle and amplitude of the two resonant modes exhibited a good 
repeatability in responding to cyclic change of the UV light, and 
an excellent stability up to a long duration of UV light exposure. 
The dual-mode flexible SAW resonators are simple in structure, 
more accurate in detection, and can be fabricated at low cost, 
therefore are very promising for application in flexible sensors 
and electronics.   
 

Index Terms—Flexible SAW, ZnO/Polyimide, UV sensor 
 
 

I. INTRODUCTION 
WING To their unique properties such as flexibility, 
light-weight and low cost [1], flexible electronics have 
been regarded as one of the top ten emerging technologies 

in the 21st Century, and have been intensively studied. Great 
efforts have been made to develop a number of flexible 
electronics such as field effect transistors [2], integrated circuits 
[3] eyeball cameras [4], memory [5], nanogenerator [6] and 
photodetector [7],[8] etc. However, the lack of high 
performance flexible radio frequency (RF) resonators severely 
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restricts the development of sensing and monitoring systems 
using flexible electronics, especially the remote, wireless and 
passive sensing network. Surface acoustic wave (SAW) 
resonators are a type of high frequency RF resonators, and are 
essential devices for the development of many systems for 
sensing physical variables as well as biochemical substances, 
especially the wireless and passive sensing systems. SAW 
devices are also one of the building blocks for electronics, 
communication, microsensors and microsystems. Recently, our 
research group has successfully developed ZnO/Polyimide 
based flexible SAW devices [9],[10]. These flexible SAW 
devices showed high performance for electronic applications, 
and they can also be used as the temperature and humidity 
sensors with high sensitivities, and as microactuators to pump 
liquids in small volumes with a velocity up to 34 mm/s and to 
concentrate nanoparticles in a few seconds, demonstrated their 
very promising applications in communication, sensing, 
microfluidics and lab-on-chips (LOC). 

ZnO is a semiconductor with an energy band gap of ~3.3 eV, 
able to absorb ultraviolet (UV) light, and has been widely used 
to develop UV-light detectors [11]-[14]. Owing to the 
advantages of high sensitivity, low-cost, high reliability and 
good reproducibility of SAW devices, many ZnO-based SAW 
UV light sensors have been developed, and their structures and 
performances have been studied [11]-[14]. Most of the SAW 
UV light sensors reported use the Rayleigh-wave mode to 
detect the acoustic-electric interaction, and limited work has 
been done to investigate the responses of other wave modes of 
the SAW devices to UV light. Pang et al reported Love 
wave-based SAW UV light sensors using a ZnO film deposited 
on a 36° Y-cut LiTaO3 substrate [15], showed a large frequency 
shift of about 150 kHz under a 254 nm light illumination with a 
light intensity of 350 μW/cm2. Wang et al studied the response 
of a thin film ZnO-based Lamb wave sensor to UV light, and 
demonstrated an insertion loss increase of 1.8 dB at a low 
intensity of a 370 nm light illumination [16]. Although a lot of 
ZnO-based SAW UV light sensors have been developed and 
studied, all of them had a single wave mode. This restricts the 
sensing accuracy and/or requires a complicated calibration 
circuit and sensors for temperature etc in practical applications. 
Furthermore, all of them were made on rigid substrates, thus 
they are expensive and not suitable for flexible electronic 
applications. Here we report on the development of first 
flexible SAW-based UV-light detector with high sensitivity, 
and show that the devices have dual wave modes and both of 
them are highly sensitive to the UV light. We also show all the 
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transmission variables (resonant frequency, phase angle and 
insertion loss) of the devices can be used for the detection of 
UV light changes simultaneously, greatly enhance the sensing 
accuracy. 

II. EXPERIMENTAL DETAILS 

A. Thin film deposition  
Kapton polyimide (PI) films were used as the substrates for 

the deposition of ZnO piezoelectric (PE) thin films and the 
fabrication of the flexible SAW devices as they can withstand 
high temperatures up to 300 °C and have a smooth surface [17] 
which allows the deposition of high quality PE ZnO films. 
Direct-current (DC) reactive magnetron sputtering was used to 
deposit the ZnO films on the polyimide substrates. The ZnO 
target has a purity of 99.99% and a diameter of 100mm. The 
distance between the substrate and the target was fixed at 70 
mm. An Ar/O2 gas mixture with a ratio of 100/50 (sccm) was 
used for the deposition. The deposition conditions have been 
optimized with details reported in ref.[18], and have been used 
here for the deposition of the ZnO films without further 
optimization. The substrate temperature, DC power, deposition 
pressure and bias voltage were 200 °C, 200 W, 2.0 Pa and 75 V, 
respectively. The ZnO film thickness is ~4 µm for all the 
devices used in this study. The relevant deposition and 
characterization results can be found from our previous works 
[9],[18]. 

B. Material characterization  
The crystal structure and surface morphology of the ZnO thin 

films were characterized by scanning electron microscopy 
(SEM) (S4800, Hitachi), x-ray diffraction (XRD) (XRD-6000, 
Shimadzu) and atomic force microscopy (AFM) (SPI-3800N, 
Seiko). Photoluminescence (PL) measurement was used to 
characterize the optical property of the ZnO films as these 
strongly affect the photo-carrier generation [15],[19],[20]. A 
fluorescence spectrophotometer (FLS-920, Edinburgh 
Instruments) excitation of 325 nm was used for the 
measurement at room temperature (~26 °C). 

C. SAW device fabrication and characterization  
Polyimide layers are normally used as an acoustic absorber 

because of the low acoustic impedance [21],[22]. The softness 
of the substrate will degrade the transmission property of the 
SAW devices made on the polyimide substrates. SAW devices 
with shorter wavelengths therefore, are desirable as more 
percentage of the surface acoustic waves will locate in the ZnO 
layer rather than in the PI substrate that can improve the 
performance of the SAW devices. The wavelength, λ, of the 
SAW devices was then set to be 20 μm for this work. The 
aperture is 4000 μm, and the SAW devices have 20 pairs of 
interdigitated transducers (IDTs), with 10 pairs of reflective 
grating. The distance between the receiver and the transmitter 
was fixed at 20λ. A standard UV-light photolithography and 
lift-off process were employed to fabricate the flexible SAW 
resonators. An aluminum (Al) layer with a thickness of ~80 nm 
was used for the IDTs, which was deposited by thermal 

evaporation. Figure 1(a) is a schematic drawing of the flexible 
SAW devices and 1(b) is a microphoto of the fabricated SAW 
devices on a polyimide film used for the UV light detection. 
The transmission and reflection characteristics of the SAW 
devices were measured using an Agilent E5071C network 
analyzer.  

Numerical analysis of the resonators was carried out by using 
COMSOL Multiphysics® (Comsol Ltd). A simplified model 
with ideal material parameters and infinite periodic boundary 
conditions was used. 

 

 
 

Fig. 1.    A 3D schematic drawing of the flexible SAW device (a), and a photo of 
the fabricated flexible SAW devices on a polyimide film (b), which has many 
SAW devices with different designs. 

 

D. UV-light sensing  
The response of the sensors to UV light illumination was 

investigated by measuring the changes of the transmission 
characteristics of the flexible SAW resonators. The UV light 
has a fixed wavelength of 365 nm. A UV lamp (ANUP 5252, 
Panasonic) was used to generate the UV light, and a 365 nm 
monochromator was used to filter the UV light. A LabVIEW 
(National Instrument) based program was developed to 
implement the automated measurements to record the 
parameter changes with time. A schematic view of the testing 
system is shown in figure 2. All device characterization and UV 
light detection were conducted at room temperature. The 
temperature was monitored during UV light exposure, no 
significant temperature rise was observed. 
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Fig. 2.  A schematic view of the testing system used for the UV light detection. 

III.  RESULTS AND DISCUSSIONS  
Figure 3 shows the transmission spectrum (S21) and the 

corresponding phase angle of a SAW device. The device 
resonates at 75.7 MHz and 254.3 MHz respectively, 
corresponding to the Rayleigh wave and Lamb wave. The 
signal amplitudes of both the wave modes are about 20 dB, 
showing high performance. The quality factors of the two wave 
modes are 31 and 57 respectively, calculated by a -3dB method 
[23].  

 
Fig. 3.  Transmission spectrum (a) and relevant phase angle (b) of a ZnO/PI 
based dual-mode SAW resonator. The wavelength of the resonator is 20μm. 

 

The effective electromechanical coupling coefficients (k2) of 
the devices were calculated by the following equation [24], 
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π
=                                  (1) 

 
where N is the finger pairs, Gm (fr) and Bs (fr) are the motional 
conductance and static susceptance at the resonant frequency fr, 
respectively. The k2 were found to be ~0.35% and ~0.71%, for 
the Rayleigh and Lamb modes of the devices respectively, 
compatible to those made on rigid Si-substrates [25],[26]. 

Figure 4(a) is the comparison of the measured reflection 
spectrum with the simulated one, showing a good agreement 
with each other, and the two modes are therefore, indeed the 
Rayleigh and Lamb waves. Figure 4(b) is the deformation of 
the resonator at ~76 MHz. It can be seen that the deformation 
penetrates into the polyimide substrate, but the largest 
deformation is within the ZnO film near the surface as indicted 
by the red-colored part, implying the acoustic energy is largely 
confined within about one wavelength near the surface. The 
deformation is an asymmetric resonance, corresponding to the 
Rayleigh mode. The deformation of the device at ~260 MHz is 
shown in figure 4(c). The shape of the resonator is similar to 
that of conventional symmetric Lamb wave, and is a symmetric 
deformation over the substrate. This resonant mode represents 
the Lamb wave mode. 

 
 

Fig. 4.  (a) Comparison of a typical reflection spectrum (blue line) of the SAW 
resonators with the simulated spectrum (red line). A cross sectional view of the 
resonator deformation at resonance for (b) Rayleigh mode and (c) Lamb mode. 
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The simulated frequency of 260 MHz of the Lamb wave is 
larger than 254.3 MHz of the experimental one. The difference 
between the experimental and simulated results is attributed to 
the use of the simplified model and ideal material parameters in 
the modeling, and it is expected that the deviation increases 
with increase in frequency. The material properties of a single 
crystalline ZnO film were used in modeling, while the practical 
ZnO films were polycrystalline obtained by sputtering 
deposition, which also have high densities of structure defects 
and impurities. These defects in the ZnO films will deteriorate 
the performance of the devices, resulting in a lower resonant 
frequency and smaller signal amplitude compared with the    
ideal case of the single crystalline ZnO material. 

The changes of the resonant frequency, phase angle and 
insertion loss of the two wave modes under different UV 
intensities have been investigated with the results shown in 
figures 5(a) - 5(f). The frequency shifts of the two   resonances 

increase with the increase in UV light intdensity. For the 
Rayleigh wave, the frequency shifted downward by ~6 kHz 
when the UV light intensity was 0.4 mW/cm2, and increased to 
~43 kHz under a 4.5 mW/cm2 illumination. For the Lamb 
resonance, the frequency shift also increased when the UV light 
intensity was increased, and a maximum shift of 76 kHz was 
obtained under a 4.5 mW/cm2 UV light illumination. The phase 
angles of the two resonant modes also changed simultaneously 
with the increase in UV intensity. A maximum phase shift of 
~2.1° and ~2.4° were obtained for the Rayleigh wave and Lamb 
wave, respectively, as shown in figures 5(c) and 5(d). On the 
other hand, the amplitude of the transmission signal of the two 
modes increased (the insertion loss decreases) with the increase 
in UV light intensity, different from what normally observed. 

 
Fig. 5.  Frequency responses of flexible SAW sensor under UV light illumination with different power intensities for the Rayleigh mode (a) and Lamb mode (b). 

Phase responses of the Rayleigh mode (c) and Lamb mode (d) waves. Insertion loss changes of the Rayleigh (e) and Lamb (f) mode.
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But the insertion loss changes are very small, in the order of 
about 0.1dB, much smaller compared with those (over 10 dB) 
reported by Pang et al [15], probably due to the different 
structures used. 

The UV light response of the ZnO SAW sensors is mainly 
attributed to the photo-generated free carriers which change the 
conductivity of the surface layer of the device. When the UV 
light is exposed to the ZnO, electrons in the valance band are 
emitted into the conduction band, leading to the generation of 
free electron-hole pairs. The absorption coefficient of the ZnO 
at 365 nm light is about 104~105 cm-1 [27], therefore the 
photo-generated carriers are confined to the surface layer of the 
ZnO film. The free carriers will interact with the surface 
acoustic field, resulting in a change in the transmission 
characteristics. The surface sheet conductivity can be expressed 
as σS=ν0CS, where Cs and ν0 are the capacitance per unit length 
and the original phase velocity of the surface acoustic wave 
respectively [15],[28]. The velocity shift (Δv) of the surface and 
the attenuation (insertion loss) Γ are determined by the 
following equations [12],[15],[28], 

 
2
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where σM  and λ are the material property (the relaxation 
conductivity) and wavelength ,respectively. Eq.(2) implies that 
a change of surface conductivity will result in a decrease of the 
propagation phase velocity which in turn changes the resonant 
frequency as they are correlated by fr = (v0+Δv)/λ. The change 
of the phase angle is induced by the variation in the phase 
velocity, and is given by [29],[30] 
 

0
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where L is the length of the acoustic path between the two IDTs 
of the resonators. As indicated by eq.(3), a change of the 
surface conductivity and capacitance will influence the 
insertion loss of the transmission. The insertion loss normally 
increases (i.e. the signal amplitude decreases) under a UV light 
illumination [12],[15],[20]. However, the insertion loss of both 
the wave modes of our devices was found to decrease (the 
signal amplitude increases) under light illumination though the 
change is very small (<0.1dB), different from what is normally 
observed and expected. Although such a phenomenon was 
observed for the third harmonic Rayleigh wave of ZnO/Si 
based UV sensors [20], the reason is still not clear, and needs 
further investigation. A possible explanation for our flexible 
sensors is the stress relaxation of the ZnO/polyimide bimorph 
structure under light illumination (optothermal effect), the 
SAW devices perform better, and the signal amplitudes become 
larger, which is reversible when the light is switched off, 

consistent with the results obtained. 
    for acoustic wave devices based on ZnO or AlN, the resonant 
frequency of the devices is expected to change linearly with the 
light intensity, and is attributed to the change of the 
photo-generated carrier concentration linearly with light 
intensity [14],[15],[31],[32]. As shown in figure 6(a), the 
frequency shifts of both the Rayleigh and Lamb modes indeed 
increase linearly with the increase in light intensity, in 
agreement with the theoretical analysis. Eq.(2) and eq.(4) also 
imply that the change of the phase would be a linear function of 
light intensity as well, similar to that of the resonant frequency, 
and it is indeed the case as shown in figure 6(b). Similarly, the 
insertion loss decreases linearly with the increase in light 
intensity for both the Rayleigh and Lamb modes as shown 
in

 
Fig. 6.  Resonant frequency (a), phase angle (b) and insertion loss (c) shift as a 
function of UV intensity for flexible SAW sensors, showing different UV 
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sensitivities for Rayleigh and Lamb mode. 
 
 figure 6(c). The UV light sensitivity of the SAW devices is 
defined as [14], 

 
1

UV
r UV

fS
f I

∆
=

∆
                                           (5) 

 
Where Δf and ΔIUV are the frequency shift and the variation of 
the light intensity, respectively. The UV light sensitivity for the 
Rayleigh wave is 111.3 ppm/(mW/cm2), while that is 55.8 
ppm/(mW/cm2) for the Lamb mode wave, even though the 
latter has a larger frequency shift under the same light 
illumination. The sensitivity of the Rayleigh mode is close to 
the value of 114.9 ppm/(mW/cm2) reported by Sharma et al  
[12], while the sensitivity of the Lamb wave of the flexible 
SAW devices are much larger than those reported in ref.[16], 
where the resonant frequency barely changed when illuminated 
by a 0.5 mW/cm2 370 nm light. The results demonstrate that the 
flexible SAW UV light detectors have compatible or better 
sensitivities to those on rigid substrates, and have great 
potential for applications. 

 
 

Fig. 7.  A typical PL spectrum of the ZnO films on a PI substrate. The thickness 
of the ZnO film is ~4 µm. It shows a single large peak round at 380nm, 
corresponding to the band-to-band emission. 

The high UV sensitivities of both the wave modes of the 
flexible SAW sensors are attributed to the excellent crystal 
quality and optical properties of the ZnO film obtained. The 
ZnO crystals films deposited on the polyimide substrates have a 
highly c-axis orientation and large grain size as shown by the 
SEM and XRD characterization in our previous papers [9],[18]. 
The ZnO films deposited on the polyimide substrate also 
showed a strong PL emission as shown in figure 7. The strong 
peak around 380nm wavelength corresponds to the electron 
transition from the localized level slightly below the 
conduction band to the valence band of ZnO [33]. The 
emissions from defects such as oxygen vacancies and zinc 
interstitials are typically round 450~500 nm [34],[35], but they 
are very weak in our samples, indicating that ZnO films on the 
PI substrates have very good crystallinity and optical property, 
and very low defect densities. These greatly enhance the 
absorption of the UV light and photo-carrier generation, 
resulting in a strong response to the UV light and a high 

sensitivity of the sensors. The  reason for why ZnO films on PI 
substrate exhibited such high quality is still under investigating. 
A possible explanation is that, comparing with the ZnO film on 
rigid substrate, PI substrate is easier to release the stress which 
was introduced by sputtering, which equals to a thermal 
annealing process. In order to better understanding the 
mechanism, more work need to be done. 

The repeatability and stability of the flexible SAW UV light 
sensors have been investigated. Figure 8(a) shows the cyclic 
response of the resonant frequencies of the SAW sensor when it 
was illuminated cyclically with a 4.5 mW/cm2 intensity. The 
resonant frequencies decrease rapidly when the UV light was 
switched on, and saturate after a transient time. The frequency 
response times for both the waves are about 10~12 s, 
comparable to the results reported by others [15],[31]. The 
maximum shifts of the frequencies of the Rayleigh and Lamb 
waves remain at ~43 kHz and ~76 kHz, respectively, 
unchanged with the time and repeated illumination, showing its  

 
Fig. 8.  Response of the flexible SAW sensor to a cyclic illumination of the UV 
light: Responses of resonant frequency (a), phase (b) and insertion loss (c). The 
UV light intensity is 4.5 mW/cm2. 
 
good stability. When the UV light was switched off, the 
resonant frequencies of both the wave modes return to the 
original values, and the recovery times are slightly longer than 
the rising times for both the modes. Similarly, under the UV 
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light illumination, the phases (figure 8(b)) of the two modes 
changed in the same way as the change of the resonant 
frequencies, while the signal amplitude (figure 8(c)) of both the 
resonant modes shifted in the opposite direction (i.e. increased) 
simultaneously. 

All the variables of the two wave modes show a completed 
recovery to their original values without any deterioration after 
three times repeated illumination of the UV light, showing the 
excellent repeatability and stability of the dual-mode flexible 
SAW sensors. To test the stability over a very long, the 
transmission properties of the devices after a UV light 
illumination up to 60 min were investigated. Shown in figure 
9(a), for Rayleigh mode, when the temperature was almost 
constant (±0.2℃), the frequency change was constant, and no 
any degradation of the transmission properties of the sensors 
was observed, when the UV light was turn off, the resonant 
frequency of the sensors would recover to the original value. 
The simultaneously influences of both UV light and 
temperature were also investigated (figure 9(b)), the sensors 
were tested in a closed room, within which the temperature was 
controlled by an air conditioning. Since these sensors possess 
negative TCF [9], the resonant frequency changed oppositely to 
the changed of temperature. When the sensors were exposed to 
UV light at 1100s, an obviously frequency shift of ~75kHz was 
observed, and the same phenomenon was observed when the 
illumination was turned off, the UV light intensity was around 
4.5 mW/cm2. 

 
Fig. 9. Long term  responses of the dual mode to UV light exposure and 
temperature: (a) for Rayleigh mode, the temperature was constant, the UV 

exposure time is around 1 hour;(b)for Lamb mode, influences of UV light and 
temperature were measured simultaneously. 
 

These results not only demonstrate that the flexible SAW 
sensors are repeatable, reproducible and stable, but also imply 
the PI substrates are very stable as well under a long duration 
high intensity UV light illumination. Since these SAW devices 
two wave modes, they can not only sense the UV light intensity 
using the two wave modes simultaneously, but also can use 
three variables (resonant frequency, insertion loss and phases 
angle) for the detection simultaneously, as such it can 
dramatically improve the accuracy of the detection. Especially 
considering the change of insertion loss, which is opposite to 
that reported by others. The tendency of the IL change caused 
by UV light is also different from that introducing by other 
parameters, such as temperature, humidity. So it is easy to 
distinguish the influence of UV light. A dual-mode sensor can 
also simplify the detection significantly as one of the wave 
modes can be used for the calibration for other parameters such 
as the temperature; therefore it requires no additional 
calibration circuit and test procedure [36]. 

IV. CONCLUSIONS 
Dual-mode flexible ZnO based UV sensors have been 

fabricated and their performance has been characterized. SAW 
resonators with Al IDTs were fabricated with good 
transmission characteristics. These resonators exhibit two 
well-defined resonant modes with signal amplitudes near 20 
dB, corresponding to the Rayleigh wave and Lamb wave 
respectively, in good agreement with the FEA modeled results. 
The sensitivity of the Rayleigh and Lamb modes to the UV 
light are 111.3 and 55.8 ppm/(mW/cm2) respectively, 
compatible to those obtained from the devices made on rigid 
substrates. The flexible SAW based UV light sensors exhibited 
a good repeatability in responding to the cyclic UV light 
illumination, and the responses of the frequency, phase and 
insertion loss to UV illumination increase with the increase in 
light intensity, showing good linearity. This research has 
demonstrated that not only the dual-mode waves can be used 
for detecting UV-light simultaneously, but also three 
transmission variables of the devices can be used for the same 
purpose, therefore the dual-mode flexible SAW sensors can 
greatly enhance the sensing accuracy, and reduce the 
complexity for the calibration. The excellent property of these 
SAW resonators demonstrated their great potential for 
applications in flexible electronics, sensors and micro-systems. 
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