Thin film flexible/bendable acoustic wave devices: evolution, hybridization and decoupling of multiple acoustic wave modes
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Abstract
Based on theoretical analysis, finite element simulation and experimental verifications, we have systematically investigated evolution, hybridization and decoupling of multiple acoustic wave modes and vibration patterns generated from piezoelectric film acoustic wave devices fabricated on flexible thin foils/plates. ZnO piezoelectric films deposited on flexible and bendable Al foil and plates were selected for this particular study. The ZnO/Al acoustic wave devices were chosen with wavelengths varied from 12 to 800 µm, ZnO film thickness from 2 to 10 µm and Al foil/plate thickness from 10 to 600 µm. Multiple acoustic wave modes (including symmetrical and asymmetrical Lamb waves, Rayleigh waves and higher harmonic/Sezawa wave modes) were generated, hybridized occasionally with each other, and then easily decoupled by changing the ratios of the substrate/film thicknesses to wavelengths. Ratios between device wavelength and substrate/film thickness have been identified to be the dominant parameter in determining the evolution and hybridization of multiple wave modes and their vibration patterns, which provide useful design guidance for both sensing and microfluidic applications using these flexible and bendable acoustic wave devices. 
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1. Introduction

Extensive research has been performed to develop new generations of flexible, bendable, deformable and even stretchable devices in recent years, mainly motivated by increasing demand for wearable, mobile, internet-of-things, and point-of-care sensor technologies[1,2]. A variety of flexible devices such as transistors[3], thermoelectric devices[4], batteries, solar cells[5–7], displays[8,9], and sensors[10,11] have been introduced. Currently, flexible and deformable devices are not only supplementary to the well-established rigid counterparts, but also becoming critical components for future electronics and microsystems[12]. 
Acoustic wave devices, especially those based on surface acoustic wave (SAW), are one of the key building blocks for modern electronics, microsensors and acoustofluidics[13–16]. These devices are generally manufactured on rigid substrates[17,18], thus they are not suitable for applications that need flexible devices. For these applications, piezoelectric thin films can be deposited onto low-cost and flexible substrates such as polymers, plastics or metallic foils/plates, which are bendable, deformable and/or recyclable[19–23]. In this case, the wavelength, λ, of acoustic wave devices is often much larger than the thickness of the substrate[24,25]. Consequently, the wave modes in these substrates may not be pure Rayleigh SAWs, but also consist of commonly observed Lamb waves when the thickness of the devices is much smaller than the designed wavelength λ, where waves cannot be confined to the region close to the top surface. These Lamb waves are normally generated on a thin plate using an external acoustic wave source or on a membrane coated with piezoelectric thin films such as PZT, ZnO and AlN[26–29]. 
Thin plates or membranes generally have two types of Lamb wave modes at lower frequencies[30]: antisymmetric (or flexural) mode-A mode, and symmetrical (or extensional) mode-S mode. Evolution of these modes as a function of substrate thickness has been extensively studied for the thin rigid acoustic wave devices or bulk plates[31,32]. At high frequencies, the wave velocity of the zero-order asymmetric Lamb mode (A0) approaches the Rayleigh wave velocity, and the wave mode gradually changes into fundamental Rayleigh wave (R0) or higher order mode wave with decreasing wavelength. Similarly, at high frequencies, the S mode also converges towards the Rayleigh wave mode[31,32]. 
Polymers and metal foils have recently been explored to fabricate flexible acoustic wave devices for sensing, microfluidics and lab-on-chip applications[33–36]. Although most flexible acoustic wave devices are fabricated onto polymers, there are significant challenges to attain good performance due to certain limitations: (1) significant attenuation/dissipation of acoustic wave energies into polymer substrates; (2) significant mismatch between crystal structures and thermal expansion coefficients of the polymer substrates and the piezoelectric films, which will induce large film stress and result in poor adhesion. 
These limitations of polymeric substrates can be mitigated using flexible metallic foils. For example, Al foils promote texture growth of ZnO films, provide good film adhesion, and keep film stress under control during deposition, and most importantly, significantly reduce the propagation loss of the waves[37]. Furthermore, compared with their polymer counterparts, Al foils have distinct advantages of deformability (forming and then maintaining temporary shapes) and re-deformability, which solve many common problems associated with most polymer-based flexible devices (for example, large energy dissipation and permanent original or deformed shapes). Using commercially available large area Al foils, thin film deposition processes, and mass-production methods such as roll-to-roll processing and printing, high performance flexible/deformable acoustic wave sensors and microfluidic devices can be realized at a low cost[38].
Recently, we have successfully demonstrated flexible ultrasonic and acoustic wave devices on commercially available 50 µm-thick Al foils with ZnO layers for microfluidic applications[39,40][41]. Initial results confirmed the presence of dual mode waves or multiple mode waves of both Lamb and Rayleigh waves in the devices. It is known that hybridized waves could result in efficient liquid actuation, but hybridization may pose complications for sensing application as decoupling of these wave modes through change of wavelengths or film/substrate thicknesses is essential to track a specific wave mode and a resonant peak. For example, Zhou et al revealed that the A0 mode is more sensitive to density changes, while the S0 mode is more sensitive to viscosity changes in Lamb wave devices. The reason is that the wave mode with an out-of-plane motion (longitudinal wave dominant) is sensitive to density changes, whereas the wave mode with an in-plane motion (shear wave or transverse wave) is more sensitive to viscosity. Therefore, these two modes can be used selectively for density and viscosity sensing. He et al. also reported this decoupling effect for the bendable ZnO thin film SAW on PET[42]. 
Lamb wave propagation on a stand-alone metal plate has been well documented.[43] However, so far, the literature lacks a systematic study on evolution, hybridization and decoupling of these waves (including Rayleigh mode based SAWs, Sezawa mode SAWs, A mode and S mode of Lamb waves, as well as higher harmonic modes of Lamb or Rayleigh waves) in the acoustic wave devices, in particular ZnO film-deposited devices realized onto flexible metallic foil substrates. In this paper, we report theoretical and experimental studies of the evolution, hybridization and decoupling of wave modes in the flexible acoustic wave devices to provide a design guideline for different sensing and microfluidic applications. 

2. Theoretical, numerical modeling and experimental details

2.1. Theoretical analysis and numerical modeling

A theoretical analysis was reported using a two-layer model to investigate acoustic wave modes in a ZnO/foil system[44–46]. The ZnO thin film have c-orientation with in-plane isotropic and ideal material properties. XRD measurement result of the ZnO film on Al substrate is shown in Fig. SI1 in the supporting information). No shear horizontal wave was considered. The acoustic wave in the two layers can be described using the following equations:
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,  represent particle displacements and potentials in the k direction, respectively. The superscript r=1, 2 denotes the layer number for the ZnO thin film and the Al substrate, respectively. 

Finite element analysis (FEA) of the ZnO/Al foil double layer structure to obtain vibration patterns was performed using COMSOL software. A simplified 2-dimensional (2D) model with ideal material parameters, one pair of interdigital transducers (IDTs) electrode and infinite boundary conditions were used to simulate SAW devices with different wavelengths. SAW device models were defined using the piezoelectric equation as follows[47,48]: 
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where T is the stress vector, D the electrical displacement (C/m2), 
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 the elasticity matrix (N/m2), e the piezoelectric matrix (C/m2), E the electric field vector (V/m), [47]the permittivity matrix (F/m) and S the strain vector. The superscripts E and S represent the constant electric field and stress condition, respectively. After solving the Newton and Maxwell equations related to equations 2 and 3, the relationship between global displacement u and potential voltage V can be obtained:
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where i, j, k, l = 1, 2 and 3.

For theoretical analysis and FEA simulation, the thickness of the ZnO film was set to be 2, 5, 7 and 10 μm, and the thicknesses of the Al foil/plates were varied from 10 to 600 μm, respectively. The wavelength was varied from 12 to 800 μm. A polarization voltage of 1 V was assigned to the electrode. ZnO thin film layer was considered as planar or in-plane isotropic during the simulations. The material parameters, consistent with the values in the literature
 ADDIN EN.CITE 

[47], are listed in Table 1. Since the thin film devices were mostly operating in plate modes, all the boundaries were set to be free. The structure was meshed in triangular modes. For the devices with different wavelengths, the numbers of mesh elements were varied with a minimum number of 10,000, and the maximum element units were varied from 0.1 to 2 μm depending on the wavelength. 
Table 1. The parameters used for the theoretical analysis
	Material
	Thickness h ((m)
	Young’s modulus E (GPa)
	Poisson’s ratio υ
	Piezoelectric constant (c/m2)
e
	Relative dielectric constant
ε
	Density ρ (kg/m3)

	ZnO
	2, 5, 7, 10
	120
	0.446
	1.32
	10.2
	5610 

	Al
	10, 50, 100, 200, 500, 600
	69 
	0.33
	-
	-
	2700


2.2 Microfabrication of Devices 
We fabricated and experimentally characterized flexible acoustic waves to compare with our simulations. ZnO thin films with various thicknesses from 2 to 10 µm were deposited on Al foils (with thicknesses of 50, 200 and 600 μm) using a direct current (DC) magnetron sputter system (NS3750, Nordiko). A 99.99% pure zinc target was sputtered at a power of 400 W. The chamber pressure during deposition was set at ~0.65 Pa with an Ar/O2 gas flow rate of 3/10 sccm. The distance between the target and substrate was 20 mm, and the substrates were rotated during deposition without intentional substrate heating. Acoustic wave devices with IDTs were fabricated using conventional photolithography and lift-off processes. The thickness of the electron beam evaporated Cr/Au electrodes was 20/100 nm. The SAW resonators had 30 pairs of IDT fingers with an aperture of 4.9 mm. The wavelength of the devices was varied from 20 to 800 (m. The reflection (S11) spectra of the acoustic wave devices were measured using a vector network analyzer (Agilent E5061B) (See Fig. SI2). 

3. Results and discussions

3.1. Evolution, hybridization and decoupling of wave modes 

The resonant frequencies as a function of the wavelength of ZnO on Al foil (50 μm) SAW devices are shown in Fig. 1 based on the theoretical calculations using the FEA two-layer model[44–46]. In addition, the measured values of the resonant frequencies for various devices with different wavelengths are shown in Fig. 1 for comparison. The calculated resonant frequencies for typical acoustic wave modes, i.e., A0, S0, and R0 show reasonable agreements with our measured data. However, when the wavelength is larger than 100 μm, there are discrepancies between the theoretical results and the measured ones. These discrepancies can be attributed to combined effects, including nonuniformity in the thickness of the deposited films, scattering at the interface between the piezoelectric layer and Al foil substrate, deviations between material constants used in theoretical analysis and those of the fabricated polycrystalline films, and the simplified FEA model using one pair of IDT fingers and infinite boundary conditions. 

FEA simulations provide extensive information about the wave vibration patterns of the flexible devices. Fig. 2 shows the results of FEA simulations for ZnO (5μm)/Al (50μm) bi-layer, including vibration patterns and resonant frequencies as functions of both wavelength and vibration mode. The Rayleigh vibration modes and 1st Sezawa modes can be clearly observed when the wavelength is equal and smaller than 40 μm. Whereas the Lamb wave modes of both A and S modes are dominant when the wavelength is above 40 μm. Our results in Fig. 2 show that there is hybridized mode of Rayleigh R0 and Lamb A0 modes when the wavelength is about 64 μm (frequency of 40.96 MHz). 
In order to verify at what frequency range these two modes are hybridized together, we have further performed FEA simulations of wave modes for the devices with various wavelengths from 45 μm to 60 μm with the Al and ZnO thicknesses fixed at 50 μm and 5 μm, respectively. The obtained results shown in Fig. 3(a) clearly indicate that hybridized modes of Rayleigh R0 and Lamb A0 modes occur at a wide range of wavelengths, e.g., from about 44 μm up to about 72 μm, and the vibration modes are slightly different at different frequencies. We define these modes as the pseudo-R0 mode and pseudo-A0 mode. It also means that there are slight shape changes of the vibration patterns and gradual evolutions from Lamb waves into Rayleigh with the decrease of wavelengths. We have calculated the ratio between the surface vibrations amplitudes and the backside vibration amplitudes and draw the data as a function of wavelength between 32 μm to 100 μm, and the data are shown in Fig. 3(b). Clearly there is a wide range of wavelengths where the hybridization of two waves exists. From Fig. 2, for the wavelength of 100 μm, there is also a hybridized mode of pseudo-Sezawa mode and pseudo-A1 Lamb wave overlapping at a frequency of 51.96 MHz. 
Since wave modes are influenced by the thicknesses of both the piezoelectric layer and the substrate, it is reasonable to characterize them using the ratio of wavelength to the total thickness (λ/H, H being the combined thickness of ZnO/Al). For the results discussed in this section, the total thickness of the ZnO (5(m)/Al (50(m) structure is fixed at 55 (m whereas the wavelength is varied. When the wavelength is large (λ/H ≥2), flexural types of Lamb waves are dominant, propagating through the whole Al foil. When the wavelength becomes smaller (λ/H <=1), Rayleigh mode (R0) and Sezawa modes emerges. When the wavelength is 64 (m, R0 and A0 exhibit at the same vibration pattern with the same resonant frequency. With further decrease in wavelength (λ/H<<1), Rayleigh mode gradually becomes dominant, emerging as the first resonant peak, and followed with the Sezawa mode (including 1st and 2nd harmonic, etc.).   
Fig. 4 shows the measured resonant frequencies of the S11 spectrum for the devices with wavelengths varied from 20 to 800 μm. Multiple wave modes with different frequencies are clearly observed, which is very common in SAW and Lamb wave devices. Based on the calculation and vibration patterns of the simulation results, we can precisely identify multiple wave modes as R0, A0, S0, A1, S1 and Sezawa modes. The measured frequencies of all the wave modes decrease with increasing wavelength. A larger wavelength (or larger λ/H value) means a larger percentage of wave propagation is confined in the Al foil as shown in Fig. 4(a), and Lamb waves are dominant. Whereas, for the samples with wavelength smaller than the substrate thickness of 50 µm, the Rayleigh and Sezawa modes are dominant as shown in Fig. 4(b). The measured frequency depends on the wavelength for all the devices with various modes as shown in Fig. 4(c), together with those from the simulation for comparisons. The simulated and measured data show reasonably good agreements. It is possible to decouple the overlapped wave modes by modifying the ratio, e.g., simply by changing the wavelength or film/foil thickness. 
3.2. Generation and evolution of wave modes with ZnO film thickness 

In this section, we will focus on the effect of ZnO film thickness on the characteristics of ZnO/Al devices. We simulated the devices on a 50-µm thick Al foil with ZnO film thickness varied from 2 to 10 (m. The simulation results are shown in Fig. 5. Devices with wavelength of 400, 64, and 12 μm were selected for discussion as they represent three typical conditions of λ/H >>1, ~1 and <<1, respectively. The Rayleigh and Sezawa waves become dominant for the devices with a wavelength of 12 μm, which is much smaller than the foil thickness, as shown in Fig. 5(a). When the wavelength is increased to 64 μm (Fig. 5b), it becomes comparable to the plate thickness (λ/H~1), thus leading to hybridized Rayleigh and A0 modes. Both the resonant frequency and phase velocity decrease slightly with increasing ZnO thickness since the velocity in ZnO is slightly smaller than that in Al[39].  On the other hand, as shown in Fig. 5c, only Lamb wave modes are dominant for the devices with a wavelength of 400 μm (λ/H>>1). The resonant frequencies and phase velocities for these devices are almost constants, indicating the effect of ZnO film thickness is negligible. To sum up, there are no significant changes in the frequencies and velocities as a function of ZnO film thickness, especially for the devices with larger wavelengths.
3.3. Wave modes with varied thickness of Al foil/plate
We further investigated the resonant frequencies and wave modes with various Al foil/thin plates thicknesses (from 10 to 600 μm) with a fixed ZnO film thickness of 5 μm. Fig. 6 shows the results of the simulated resonant frequencies of A0, S0 and A1, S1 and R0 as a function of Al foil thickness. The Rayleigh mode is again dominant when the wavelength is 12 µm, when the foil and plates are thicker than 10 µm and above as shown in Fig. 6(a). Fig. 6(b) shows Rayleigh waves are still dominant with increasing Al foil thickness when the wavelength is not too large as compared with the device thickness (λ/H≤1), whereas flexural Lamb waves are apparently dominant when the Al foil thickness is below 50 µm. The phase velocities of different modes converge to a fixed value with increasing Al thickness. When the wavelength is 400 μm, the Rayleigh mode is not observed, and the frequency depends on the Al thickness similar to the Lamb wave of the single-layered plate structure. 
Fig. 7(a) shows simulated vibration modes of ZnO/Al SAW devices with Al thickness of 200 μm and Fig. 7(b) shows the corresponding measured multiple wave modes. The Lamb wave vibration mode is clearly observed in the SAW devices with wavelengths of 300 to 400 μm. A0 and pseudo-R0 modes of the devices are hybridized together at 13.80 MHz with a wavelength of 200 μm. There is another hybridized mode of pseudo-Sezawa and A1 modes at a frequency of 18.72 MHz. Whereas when the wavelength is smaller than 100 μm, there are only Rayleigh and Sezawa modes observed, without apparent Lamb waves. 
We then fabricated acoustic wave devices using Al plates with thickness of 200 μm with different wavelengths to validate our simulations. The measured wave modes match well with the simulated ones and the devices show a mixture of Rayleigh, Lamb waves, Sezawa wave, and higher harmonic wave modes. Based on the calculation and simulation results, we can precisely identify the measured multiple wave modes with R0, A0, S0, A1, S1, A2, S2, and Sezawa wave. These devices have various wave modes and it can be used for various sensing applications by choosing different wave modes. Fig. 7(c) shows the simulated and measured frequency of different types of wave modes as a function of wavelength in a log-log scale. Clearly, the measured frequencies are in good agreement with the simulated ones and the frequency of all the wave modes decreases linearly with increasing wavelength.
Fig. 8(a) shows simulated vibration modes of ZnO (5 μm)/Al (600 μm) acoustic wave devices and Fig. 8(b) shows the corresponding experimentally measured multiple wave modes. It can be observed from Fig. 8(a) that Rayleigh and Sezawa modes appear in the devices with the wavelengths of 100 and 200 μm. However, A0 Lamb waves were found to be hybridized with the pseudo-Rayleigh R0 mode for the devices with wavelengths of 300 and 400 μm. Simultaneously at these two wavelengths, Sezawa mode waves are also obtained. We have verified these simulation results based on our experimental results as we clearly labeled the observed modes in Fig. 8(b). 
4. Conclusions

We have analyzed, simulated, fabricated and characterized flexible and bendable ZnO/Al foil acoustic wave devices with varied wavelengths (from 10 to 800 µm), varied ZnO film thickness (from 2 to 10 µm) and varied Al layer thickness (from 10 to 600 µm). We have observed and explained the generation and evolution of multiple acoustic wave modes (including symmetrical and asymmetrical Lamb waves, Rayleigh waves, Sezawa modes, and higher harmonic wave modes) based on theoretical and simulation results. We have validated our simulations with experimental data. Our findings show that the key factor for the generation and evolution of multiple acoustic wave modes is λ/H ratio. When the ratio λ/H <<1, Rayleigh wave would be dominant for the fundamental wave mode. Sezewa and some other higher harmonic wave modes may also exist. When the ratio λ/H >>1, the propagating waves would be Lamb wave modes. Thickness of ZnO layer has some effect on Rayleigh mode but not significant to the Lamb mode, especially for large wavelengths. Most of devices have many hybrid modes, but the wave modes can be decoupled by changing the film/foil thicknesses. Decoupling the wave modes and simultaneously measuring the individual frequencies allow multi-parameter sensing, such as mass loading, viscosity, or conductivity changes. These multiple-mode flexible acoustic wave devices are structurally simple, more accurate in detection, and can be fabricated at a low cost, and hence are promising for applications in flexible sensors and electronics. 
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