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Abstract 
Surface acoustic wave (SAW) strain sensors require an adhesive - typically a glue - for the mounting on the part under 

measurement. This comes with strain-transfer, reproducibility and aging issues. In this paper, we propose a novel glue-less 

solution where the SAW sensor is directly fabricated onto the surface of interest, here a metallic substrate. Here, we study the 

layered structure ZnO/Ti numerically and experimentally, with ZnO as the piezoelectric layer and titanium as the substrate. In 

this structure, both BAW (Bulk Acoustic Waves) and SAW can propagate, and we used both of them to monitor temperature 

variations up to 300°C and strain levels up to 1800 . Moreover, reflective delay line (R-DL) designs were used, to provide 

the future users with RFID functionalities. In order to overcome the limitations due to the relatively low electromechanical 

coupling coefficient of ZnO/Ti, a specific R-DL layout with connected inter-digital transducers (IDTs) was used. The obtained 

experimental results confirm that the proposed glue-less R-DL structure is a promising solution for the independent evaluation 

of temperature and strain, with identification. 

Keywords: Strain, temperature, SAW sensor, BAW sensor, glue-less strain sensor, radio frequency identification (RFID), 

connected IDTs. 

 

1. Introduction 
 

HIS paper is an extended version of the conference paper 

[1] presented at the 2021 Joint Conference of  the IEEE 

sensors virtual conference.  

 Since the 1940s [2], radio frequency identification (RFID) 

technology has continued to evolve. It enables the 

identification [3] and the traceability of products and people 

thanks to tags that reflect signals in the form of radio waves 

over long distances. Whether in passive, semi-passive or 

active configuration, it offers a wide range of advantages that 

have made it a very attractive technology. 

The most commonly used RFID systems are based on the 

use of integrated circuits (IC). They are used in various 

applications, such as asset management, inventory 

management, access control, item tracking, etc. However, the 

need of battery for an IC makes it less attractive for 

applications in difficult and/or harsh environment. 

The SAW RFID technology [4] is therefore very 

interesting, as it opens up many possibilities for such 

applications.  

Fig.1 summarize the generation of the RFID capability in 

the SAW devices. Indeed, the radio frequency (RF) 

interrogation is sent to the chip via the antenna. The IDTs on 

the sensor convert the RF pulses to the surface acoustic wave 

and conversely the reflected signal (R-DL) to RF pulses. The 

series of generated echoes corresponds to a bar code given by 

the position of the electrodes on the piezoelectric material. It 

is then possible to uniquely identify the R-DL, which is now 

an RFID R-DL. 

SAW RFID tags also have the advantage of being very 

sensitive to temperature, but also in some extent to strain, 

magnetic field, vibration and other parameters [5–10]. It is 

therefore possible to use SAW RFID tags to measure various 

parameters in extreme environments. These devices therefore 

have the advantages of being fully passive (i.e. no embedded 

electronics, no embedded battery), robust and small. This is 

why they are often a very interesting solution for applications 

T 
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in extreme conditions, including for Structural Health 

Monitoring applications.  

 

Fig. 1. Principle of wireless RFID SAW sensor interrogation 

 

For strain measurement applications, SAW devices must in 

most of the cases be mounted to the part under test using 

adhesives (e.g. a glue). The gluing of SAW sensors must be 

thoroughly performed. The adhesive must be well chosen, and 

several critical process parameters must be accurately defined 

(glue thickness, annealing and curing time, and surface 

treatments). In addition to being a very delicate step, the use of 

adhesives leads to imperfect strain transfer between the part and 

the sensor [11], and stress relaxation/ageing of the glue can lead 

to measurement errors over time. Creep and hysteresis can also 

occur [11,12]. The heating of the adhesives during low/high 

temperature cycles can also cause hardness variations or early 

degradation of the bonding layer [12]. In some cases, the use of 

adhesives can also lead to the detachment of the devices [13,14]. 

Here, we use a glue-less solution with SAW sensors directly 

integrated onto the metallic part to be monitored [15]. Two 

strategies can be considered: 

1- make the sensors directly on the part or equipment to be 

monitored. This solution is only compatible with small/planar 

pieces.  

2- make the sensors on a small metal substrate and then fix 

the latter on the equipment to be monitored, this mounting can 

be done by welding or screwing which is impossible to do with 

a standard piezoelectric substrate. 

The aim of this work is to show the feasibility of fabricating 

such a sensor on a metallic substrate. The latter consists of a 

ZnO/Ti structure, on which a R-DL structure, allowing a 

device identification, has been patterned. A design with 

connected IDTs [16] (Fig. 2) has been selected, as it generates 

higher amplitude peaks in comparison to standard designs. It 

is therefore a well-suited design for structures with moderate 

electromechanical coupling. 

In this paper, we provide a detailed study of this sensor, 

with an impedance analysis in the frequency and time domain, 

as well as temperature, bending and tensile testing. 

2.  Design, Materials and Methods 

The SAW device consists of a delay line with several 

electrically connected IDTs. Thus, most of the peaks observed 

in the time domain signal result from the direct transmission 

between connected IDTs and not reflections like in a 

traditional R-DL. A detailed study of this design on lithium 

niobate and langasite is given in [16]. 

Fig. 2 shows the configuration used for the ZnO/Ti devices. 

Here, IDTs are electrically connected and the gaps between 

the nearest edges of neighboring IDTs are 120λ and 180λ, 

respectively.  

 

Fig. 2. RFID tag made with three electrically connected IDTs 

 

The wavelength λ is 9.2 µm, the aperture (IDT width) is 

1000 µm and metallization ratio is 50%. 

In the following part, the ZnO/titanium (Fig. 3-a) structure 

is studied. Titanium alloy was chosen as the substrate due to 

its multiple advantages: it is widely used in the industry, it is 

lightweight and corrosion resistant. ZnO was preferred over 

AlN, as it is easier to deposit and presents a higher 

electromechanical coupling factor (K²≥ 1%) [17,18], which is 

an advantage for RFID tag applications. Besides, the lower 

sound velocity in ZnO makes it easier to create structures 

without SAW energy leakage from the surface into the bulk 

and in the future acoustically isolated elastic waves like 

WLAW or ILAW[19,20]. ZnO also has a larger strain limit 

(1800µ at least, [15]) than AlN, which is reported to be 

limited to 400 µ [21]. 

The experimental realization of the structure was performed 

by depositing a 12 µm thick piezoelectric layer of ZnO on the 

previously mirror polished surface of a 0.5 mm thick titanium 

piece. RF magnetron sputtering method was used and process 

parameter are summarized in Table I [20] . The deposition of 

12 μm of ZnO was achieved with three successive deposition 

steps and without removing the sample from the deposition 

chamber. A delay of 5 hours between two successive steps has 

been respected. The fabrication of the IDTs started with the 

deposition of a 150nm-thick aluminum film, followed by 

standard photolithography and etching steps. A sample 

fabricated device is shown in Fig. 3-b.  

The modelling of the devices was performed using the 

following methodology:  COM parameters were extracted 

from the Comsol Multiphysics 3D FEM computation of   

harmonic admittance of an elementary cell with periodic 

conditions. The COM parameters included in Table II were 

then used to calculate the device responses, using the P-Matrix 

method. 

 TABLE I 

SUMMARY OF ZNO SPUTTERING PARAMETERS 

Target ZnO (Ø 4-inch) 

Gases  8 sccm O2 

8 sccm Ar 

Temperature 

Target power 

170°C 

150 W RF 
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Total pressure 3x10-3 mbar 

 

 

TABLE II 

COM PARAMETER OF THE ZNO/TI STRUCTURE SIMULATION 

Velocity 2538 m/s 

Free surface velocity 2554 m/s 

Reflectivity (Kappa) 1.74% 

Normalized coupling coefficient 12.28.10-5 

Loss (dB/) 0.04 

Normalized capacity 8.10-17 

 

The device was characterized by X-ray diffraction (XRD) 

to assess the quality of growth and the orientation of the ZnO 

thin film, using a Bruker D8-Advance diffractometer. The 

electrical characterizations were performed using a probe 

station (S-1160, Signatone) equipped with a heating plate up 

to 600 C (S-1060, Signatone), connected to a network analyzer 

(Agilent-N5230A and 5061B VNAs). The GS RF probes were 

fitted with a water-cooling circuit to ensure their cooling 

during the high temperature measurements. The evolution of 

the sensor response versus temperature (up to 300°C) and 

applied strain (up to 1800 µ) was then characterized. 

 

(a) 

 

(b) 

Fig. 3. (a) Schematic view of the ZnO (12µm)/Titanium(0.5mm) structure 

(b) Realized device 

3. Results and discussion 

3.1 XRD structural characterization 

The XRD measurements of the ZnO layer on the titanium 

substrate are shown in Fig. 4. It can be seen that the deposited 

ZnO film has a preferential c-axis orientation. The rocking 

curve (FWHM) of the (002) orientation gives 1.6° and 4.85° 

for the 4 µm and 12 µm thicknesses of the piezoelectric ZnO 

deposited on titanium. The high FWHM value of the ZnO (12 

µm)/Ti structure is primarily due to the scattering of the ZnO 

grain orientation during the growth of such a large thickness 

film. However, this value is sufficient for the realization of 

high quality SAW devices in the considered frequency range. 

 
(a) 

 
 (b) 

Fig. 4. XRD diagram of (a) the ZnO(4um)/titanium structure and (b) the 

ZnO(12um)/ Ti structure 

3.2 Impedance analysis of the structure in the frequency 

and time domains 

The measured reflection coefficient S11 of the ZnO/Ti 

structure is given in Fig. 5-a. A Rayleigh SAW [15] is 

observed at 280 MHz.  The periodic oscillations can be 

attributed to longitudinal BAW (fv = 5.9 MHz). The 

transmission of these two waves is illustrated in Fig. 5-b. The 

SAW is generated by the IDTs in a classical way, and 

propagates along the surface of the ZnO film. The BAW are 

mostly generated in area of the contact pads, due to the 

presence of the (conductive) titanium substrate under the thin 

ZnO layer. It is reflected by the backside of the Ti substrate. 

This configuration is therefore similar to H-BAR [22]. The 

time domain response of one device, with the different peaks due 
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to the different waves, is shown in Fig. 6, corresponding to a 250 

to 320MHz frequency span. 

 
(a) 

 
(b) 

Fig. 5. (a) Experimental reflection coefficient S11 in the 120-320 MHz 

frequency range (b) illustration of the surface and bulk waves transmission in 
the ZnO/Ti structure  

 

The peaks associated to BAW and SAW are labelled Bi and 

Si with i={1,2,3,4}, respectively. As mentioned earlier, BAW 

peaks (marked by vertical red lines) and SAW peaks are very 

close to each other and overlap in some cases. Due to its 

velocity (5875m/s), the BAW is identified as a longitudinal 

BAW. The BAW velocity in the ZnO/Ti structure is larger 

than the SAW velocity (2577 m/s), which is close to the ZnO 

velocity (2558 m/s). This comes from the fact that the SAW 

energy is concentrated mainly in the ZnO layer and only in a 

thin region of the upper part of the Ti substrate. Indeed, the 

propagation depth of the SAW is mostly within one 

wavelength (i.e. 9.2 µm in our case) and the ZnO layer is 12 

µm thick. 

A very good agreement between simulation and 

experimental results is obtained for the main peaks, both BAW 

and SAW, leading to fully confirm by simulation the nature 

and origin of the measured peaks (see Fig. 7). From 1.25µs, a 

divergence between experimental and simulation results is 

observed. This stems from the measurement noise, which 

becomes, at some point, stronger than the SAW/BAW peaks.  

 

Fig. 6. Experimental reflection coefficient S11 in the time domain  

 

Fig. 7. Comparison of experimental and simulated reflection coefficients S11 

in the time domain 

 

The nature of the different peak can also be confirmed using 

purely experimental methods. In this case, a new device was 

realized on the same metallic substrate shown in Fig. 3, the 

IDTs were removed while the metallic contact pads were kept, 

in order to suppress only the SAW (see Fig. 8). Fig. 9 shows 

the experimental reflection coefficient S11 of the structure, 

with (black curve) and without (red curve) electrodes. It can 

be clearly seen that, without IDTs, the SAW peaks have 

completely disappeared and only the BAW peaks remain (red 

curve). It can also be noticed that the periodicity of the peaks 

corresponds to the time of a round-trip in the bilayer structure 

(12µm ZnO + 0.5mm Ti). 

 

Fig. 8. Top view of the device without IDTs (left), zoom on the pads (right)  
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Fig. 9. Comparison of the experimental reflection coefficients S11 in the time 

domain with and without IDTs  

3.3 High temperature investigation 

The temperature study was performed between 25°C and 

300°C. The maximum temperature has been fixed to avoid 

ZnO degradation  [23,24]. Fig. 10-a shows the S11 magnitude 

in the time domain at various temperatures and Fig. 10-b the 

shows the sensitivity of each wave versus the frequency, for 

the S1 and B1 peaks. Since a precise peak detection in the time 

domain can sometimes be challenging, these frequency-

dependent sensitivity curves are obtained as follows: the time 

domain signal is gated to encompass only the S1 or B1 peak, 

then analyzed in the frequency domain after Fourier 

transform. The frequency at a certain phase value of the 

reflection coefficient S11 is then tracked for the various 

temperatures. The temperature coefficient of frequency (TCF) 

was calculated and a good linearity can be observed for both 

waves. For the BAW, a very large sensitivity of -121.3 

ppm/°C is obtained while it is -42.6 ppm/°C for the SAW. 

Experiments also show that the measured TCF values remain 

the same for all SAW and BAW peaks, respectively. However, 

peaks later in the time domain can lead to higher accuracy 

since the propagation way is longer. 

 
       (a) 

 
     (b) 

Fig. 10. (a) Experimental reflection coefficients S11 in time domain at various 

temperatures (b) relative frequency shift versus temperature for the S1 and B1 

peaks  

 

Fig. 11 shows the evolution of the S11 time domain 

amplitude versus temperature for B1 and S1 peaks. For both 

waves, an amplitude decrease can be seen. It is, at 300°C, 

around -6 dB for the bulk wave and around -15 dB for the 

surface wave, which can be attributed to increase of various 

loss mechanisms, like phonon diffusion, under high 

temperature. The amplitude of SAW being more adversely 

affected by the temperature that the amplitude of the BAW. 

This can be explained by the fact that SAW propagates mainly 

in ZnO whose acoustic propagation losses increase strongly 

with temperature. The BAW propagates mainly in the titanium 

which seems to be less affected by temperature in terms of 

propagation loss. 

 

Fig. 11. Experimental evolution of the S11 time domain amplitude versus 

temperature for the B1 and S1 peaks 

3.4 Influence of bending strain 

Three-point bending strain tests were then performed. For 

these experiments, the sensor was directly integrated on a 

1mm thick titanium alloy metal beam 

(50mm10mm1mm), as depicted Fig. 12a. To ensure the 

RF measurements, the sensor was fitted with a U. FL 

connector and small coaxial cable.  A schematic view of the 

experiment is shown Fig. 12-b. 
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The relationship between the bending strain  and  the vertical 

deflection  in this case is calculated using equations (1) and (2) 

[25]: 

2

22

2
)( 








+−=

l
RR  ,   (1) 

R

T )2/(
= ,    (2) 

where R is the radius of curvature, l is the distance  between 

the supporting points, and T is the total thickness of the device 

(substrate and piezoelectric thin film). 

Fig. 13 shows the frequency variation versus strain of the 

S1 and B1 peaks, when the bending varies from 0 µ to 1800 

µ. Measurements were carried out at room temperature 

(25°C). A good linearity for both waves can be seen. The 

SAW exhibits a high sensitivity to bending (2.2 ppm/µ). The 

achieved SAW sensitivity exceeds the sensitivities of 

conventional SAW sensors based on various piezoelectric 

single crystals substrates using polymeric adhesives (0.83 

ppm/µ in [26], 1 ppm/µ in [27], 1.8 ppm/µ [28]), or ceramic 

bonding agents (1.6 ppm/µ in [29]). It also exceeds the 

sensitivity obtained with AlN integrated on TC4 alloy (1.6 

ppm/µ in [21]) 

 
(a) 

 
(b) 

Fig. 12. (a) Experimental 3 point bending of a beam with an integrated sensor 

(b) illustration of  the three-point bending test (adapted from [25]) 

 

 

 
Fig. 13. Relative frequency shift versus strain applied to the metallic beam. 

Surface wave (black curve) and bulk wave (red curve) 

 

On the other hand, the longitudinal BAW is almost insensitive 

to the bending (0.02 ppm/µ). This can be explained by the 

facts that the thickness of ZnO/Ti remains approximately the 

same with bending, but also that the stresses on top and bottom 

are opposite, so the changes of velocity in these areas are 

approximately cancelling each other. 

 

Interestingly, for practical sensing applications, we can note 

from sections 3.3 and 3.4 that the BAW is almost insensitive 

to bending and highly sensitive to the temperature, while the 

SAW is highly sensitive to the bending and sensitive to the 

temperature. Hence, the proposed structure constitutes a 

sensor that allows for an independent measurement of both 

parameters during bending: the BAW is used for the absolute 

temperature sensing, and for the temperature compensation of 

the SAW strain measurement.  

3.5 Tensile testing 

The structure has also been studied under tensile testing. 

Such an experiment generates tensile strain along the tensile 

axis, but also compression in the perpendicular directions. In 

our case, tensile strain was applied up to 900 µ. Fig. 14 shows 

the experimental setup with the micro tensile test machine 

(compression-tension). The control unit allows to specify the 

displacement type (tension or compression) and the applied 

force. Different types of supports and jaws are available to 

adapt the machine to the needs of the desired experiment. The 

strain value was determined by the ratio between the length of 

the deformed sample and its length without strain [30]. The 

experimental set-up is also equipped with a resistive heating 

support that can reach up to 100°C. Associated thermocouple 

sensors are used to control the temperature of the SAW device 

during experiments.  
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Fig. 14. Tensile test setup 

 

 

 

Fig. 15. Relative frequency shift of the S1 peak versus tensile stain  

 

Experiments were first performed at room temperature 

(25°C). Fig. 15 shows the relative frequency variation versus 

tensile strain observed for the SAW S1 peak. A good linearity 

is obtained with a sensitivity of 0.42 ppm/µ. 

Based on the strain experiments (bending and tensile tests), 

structure shows a higher sensitivity in the three-point bending 

than in the tensile test. This is due to the fact that the stress-

related contributions to the elastic constants impact the 

Rayleigh wave differently for each type of deformation. 

3.6 Investigation of the temperature influence on the 

tensile testing 

Tensile tests were performed on the structure up to 80°C, 

using the same setup as previously. The tensile strain was 

applied up to 900 µ. Results for the S1 peak are given in Fig. 

16. Once again, a very good linearity is observed, at different 

temperatures. Also, the sensitivity decreases when the 

temperature increases. The sensitivity decreases from 0.42 

ppm/µ at 20°C to 0.15 ppm/µ at 80°C, which implies the 

need of a temperature compensation.  The dependence 

between the effects of temperature and bending stresses is 

mainly due to the internal behavior of the physical and in 

particular elastic properties of the materials constituting the 

sensors. This dependence has also been observed on previous 

works using other materials ([11],[31]).  

 

Fig. 16. Relative frequency shift (fj-f0j)/f0j of the S1 peak versus tensile strain 
at various temperatures. f0j are the reference frequencies at 0 strain for 

j={20°C,30°C,40°C,60°C,80°C} 

4.  Conclusion  
In this study, ZnO/Ti acoustic wave sensors with RFID 

capability were fabricated and characterized. The connected 

IDTs configuration was used to improve the signal quality. 

The deposition of ZnO on metal opens up very interesting 

application possibilities, where the use of an adhesive is no 

longer necessary, for the direct integration of sensors on test 

bodies, especially for strain measurements. 

It is found that this structure allows the generation of two 

types of waves, surface acoustic waves and bulk acoustic 

waves. 

The structure was tested at high temperature up to 300°C. 

The results show a sensitivity of -121 ppm/°C and -43 ppm/°C 

for the BAW and the SAW, respectively. The SAW was found 

to be highly sensitive to the bending (2.2 ppm/µ), while the 

BAW is almost insensitive to this type of deformation. This 

behavior is very advantageous since the BAW can serve as a 

temperature reference for the temperature compensation of 

SAW strain measurement. 

Finally, the structure was subjected to tensile strain (up to 

900 µ), under temperatures up to 80°C. The sensitivity to 

strain decreased from 0.42 ppm/µ (at room temperature) to 

0.15 ppm/µ (at 80°C). 

As a conclusion, the proposed directly integrated, glue-less 

SAW/BAW sensor has a great potential for the monitoring of 

temperature and strain on metal parts, which are crucial for 

structural health monitoring applications. 
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