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Abstract  

There are significant challenges in controlling uniformity of crystal inclination angles, growth orientations 

and film thicknesses to generate dual-mode surface acoustic waves (e.g., Rayleigh ones and 

shear-horizontal ones) for lab-on-a-chip applications. In this study, we demonstrate large area (up to three 

inches) and uniformly inclined piezoelectric ZnO films, sputtering-deposited on silicon using a glancing 

angle deposition method. Characterization using X-ray diffraction showed that the inclined ZnO films have 

an average crystal inclination angle of 29.0°, apart from the vertical (0002) orientation, at a substrate tilting 

angle of 30o. Reflection signals of ZnO/Si surface acoustic wave devices clearly show the generations of 

both shear horizontal surface acoustic waves and Rayleigh waves. The Rayleigh waves enable efficient 

acoustofluidic functions including streaming and transportation of sessile droplets. Excitation direction of 

Rayleigh waves on the acoustofluidics versus the inclined angle direction has apparent influences on the 

acoustofluidic performance due to the anisotropic microstructures of the inclined films. The same device 

has been used to demonstrate biosensing of biotin/streptavidin interactions in a liquid environment using 

the shear-horizontal surface acoustic waves, to demonstrate its potential for integration into a complete 

lab-on-a-chip device. 
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1. Introduction  



Surface acoustic waves (SAWs) have attracted extensive interest in biosensing, microfluidics, quantum 

acoustics, and lab-on-a-chip (LOC) applications [1-4], with their abilities to generate all the required 

functions (e.g., sensing, liquid mixing, transportation, jetting and nebulization) on a single LOC [5-8]. 

However, each functionality is often enabled by a certain acoustic mode, which generally requires different 

geometries and devices, making it a great challenge to integrate all aspects onto a single LOC. Among the 

different modes of SAWs, Rayleigh mode SAWs are generated by patterning interdigital transducers 

(IDTs) on piezoelectric bulk materials such as 128o Y-cut LiNbO3, or c-axis (or vertically) textured thin 

films such as zinc oxide (ZnO), aluminum nitride (AlN), and gallium nitride [9-12]. They have been 

applied in gas sensing, ultraviolet light sensing, biosensing, and acoustofluidics [13-14]. The Rayleigh 

SAWs can actuate liquid in a droplet format or within a microchannel to realize acoustofluidics due to the 

strong coupling of the dissipated wave energy into the liquid [15]. However, significant energy dissipation 

also leads to limitations for most biosensing functions in a liquid environment due to the damping of the 

SAW signals. In contrast, there is minimal damping or attenuation of shear-horizontal surface acoustic 

waves (SH-SAWs) into the liquid, because the SH-SAWs are acoustic waves that propagate in plane on the 

substrate and their displacements are parallel to the substrate surface [16]. SAW biosensors based on the 

SH-SAWs have been shown to achieve excellent sensitivities in the liquid environment [17-19]. Therefore, 

a single SAW device, which can simultaneously generate the above two modes, has the potential to enable 

both functions (i.e., sensing and bio-sampling) in a single LOC system.  

 The orientation of piezoelectric thin films critically determines the acoustic wave modes and 

performance of thin film-based acoustic devices [20]. For example, SH-SAWs can be generated in AlN 

film SAWs with a c-axis film inclination of ~10° [21]. ZnO based ultrasonic transducers with a c-axis 

tilted angle of ~25° or c-axis zigzag ZnO films can generate both longitudinal and shear waves [22, 23]. 



Shear mode film bulk wave resonator (FBAR) based on inclined c-axis ZnO films with an inclined angle 

of ~25° achieved a mass sensitivity of 4.9±0.1 kHz·cm2·ng-1 [24]. Pure longitudinal and shear modes have 

been excited in ZnO FBARs with the c-axis tilted angles of 15° and 30° [25].  

Theoretical analysis indicated that the maximum value of the electromechanical coefficient for the 

bulk shear waves was obtained at a crystal inclination angle of 28° in the c-axis inclined bulk ZnO [26]. 

For c-axis inclined bulk AlN, the corresponding maximum value is at a c-axis inclined angle of 50° [27], 

whilst it was predicted at an inclined angle of 33° in the c-axis tilted ScAlN films [28]. Experimentally, 

Rayleigh SAWs are excited on the devices fabricated using vertical ZnO films [6,11,15], whilst SH-SAW 

are generated on the devices made of (11 2 0) ZnO films, c-axis inclined AlN and Sc doped AlN film 

[20,29,30]. 

To date, SH-SAWs and Rayleigh waves are difficult to be simultaneously generated in the c-axis 

inclined film-based SAW devices [21,31]. For example, in our previous study of ultrasonic transducers 

[32], we have grown the c-axis inclined ZnO films by tilting the substrate during deposition, and 

successfully achieved both the longitudinal and shear bulk waves. However, using the same inclined ZnO 

films, we could not simultaneously generate both the SH-SAWs and Rayleigh waves in a single SAW 

device. In literature, there are few papers which have reported the successful generation and application of 

the dual mode SAW devices. As explained clearly in our recent review paper [33], the main difficulties are 

the precise control of (a) the inclination of wurtzite crystal orientations (not the columnar orientation which 

is easily obtained and commonly reported), and (b) the uniformity of the inclined ZnO film thickness and 

crystallinity, as well as (c) surface roughness over a large area (e.g., across a whole wafer to enable 

integration into microfabrication foundries). Furthermore, the porous and columnar structures that are 

associated with the highly inclined ZnO films often result in very weak SH-SAW signals [31,33]. 



Magnetron sputtering has been commonly used for preparing the inclined ZnO films based on the 

glancing angle deposition (GLAD) method, which can be applied to tailor the crystal orientations of ZnO 

films along both out-of-plane and in-plane directions [21-25]. The quality of the inclined ZnO films is 

dependent on the deposition conditions such as substrate-tilting angle, deposition rate, chamber pressure, 

Ar/O2 gas ratio, and bias voltage [34-36]. 

In this paper, to simultaneously generate both SH-SAWs and Rayleigh waves, we optimized the 

process parameters to deposit c-axis inclined ZnO films using the GLAD method, by selecting an 

optimized Ar/O2 gas ratio and a suitable chamber pressure. The c-axis inclined crystal structures were 

systematically analyzed and dual mode SAWs were successfully generated on the inclined ZnO films. 

Using the dual mode SAW devices, integrated functions of acoustofluidics and biosensing were 

demonstrated.  

 

2. Experimental details 

ZnO films were deposited on silicon (100) substrates using a direct current magnetron sputtering 

equipment (Nordiko Technical Services Ltd.) and a Zn target (with a size of 10×30 cm2 and a purity of 

99.99%). The silicon substrates were loaded into the chamber and fixed onto a holder facing the 

sputtering target at oblique angles of 0° (standard deposition position) and 30°during the deposition. The 

base pressure in the chamber was 2.2×10-3 Pa, which was obtained using a pumping system including a 

turbomolecular pump (Balzers IMG 060B) and a mechanical pump (Edwards EH1200). The optimized 

chamber pressure was 0.11Pa, controlled using a Balzers Pirani gauge. Argon and oxygen gases with 

their corresponding flow rates of 10 sccm and 12 sccm were introduced into the chamber, and their flow 

rates were controlled using flow controllers (Multi-gas Controller 647B, MKS instruments Co.). During 



the deposition, the applied DC power was 450 W. The deposition rate was ~0.8 μm per hour on the 

substrates without a tilted angle and ~0.6 μm per hour on the substrates with a tilted angle of 30°.  

Surface morphology and cross-sectional microstructures were characterized using a scanning electron 

microscope (SEM, MIRA3, TESCAN). Surface roughness of the films was measured in an area of 10×10 

μm2 at three different positions of the sample surface using an atomic force microscope (AFM, CSPM4000, 

Ben-Yuan). Structural analysis and crystalline orientation of the ZnO films were characterized using X-ray 

diffraction (XRD, D8 Discover A25, Bruker) with Cu Kα radiation (λ = 1.5406Å). Film texture was 

analyzed based on the Bragg Brentano XRD measurement with a θ-2θ scanning method, and the pole 

figures were obtained using the XRD patterns that were measured by rotating the sample for 360° with a 5° 

interval.  

SAW devices were fabricated using the conventional photolithography and lift-off processes. Bilayers 

of the Cr/Au films (20nm/100nm) were deposited as the electrodes on the surface of ZnO films using an 

electron beam evaporator. The obtained devices have two ports of the IDTs that were composed of 60 pairs 

of fingers and a spatial periodicity of 64 m. The reflection signals (S11) of the ZnO SAW devices were 

measured using a radio frequency (RF) network analyzer (HP8752A, Keysight). The ZnO SAW device 

was heated from 50 °C to160 °C in an environment-controlled chamber to determine its temperature 

coefficient of the frequency (TCF), using a formula of )( fTfTCF −=  , where f is the resonant of 

the SAW device, f and T are the variations of the frequency shift and temperature change, respectively. 

For microfluidic tests, the IDTs of the SAW devices were connected to a power amplifier (Amplifier 

Research, 75A250, Souderton, USA), and the input signal was generated from an RF signal generator 

(Marconi 2024, Plainview, USA). The device’s surface including the IDTs was treated with 1% CYTOP 

solution (L-809A) by drop-coating, followed by heating at 120 °C for ~5 minute to form a hydrophobic 



surface. The static contact angles were measured as ~110o. Droplet movement after the excitation of the RF 

signal to the IDTs was recorded using a standard CMOS camera. 

For biosensing tests, the IDTs of the SAW devices were pre-coated with an insulating layer of SiO2 

(50 nm thick). A polydimethylsiloxanes (PDMS) chamber (0.5×0.5×0.5 cm3) was fabricated and bonded 

onto the pre-coated IDTs using oxygen plasma. The inner chamber was cleaned using ethanol and 

de-ionized water for three times. Then the chamber was incubated with ~40 μL of the biotin solution for 

one hour, followed by rinsing with phosphate buffered saline (PBS, 10 mM phosphate, 150 mM NaCl, 

pH=7.4). Streptavidin conjugated silica microspheres (in a diameter of 5μm) were suspended in the PBS 

buffer solutions with different concentrations and added into the chamber. The interaction of the 

streptavidin with the biotin was monitored by tracking the resonant frequency of SH-SAWs based on the 

reflection spectra (S11), which were recorded from the network analyzer. The chamber was cleaned using 

the PBS buffer solution before each test with the different streptavidin concentrations. The biotin and 

streptavidin conjugated silica microspheres were purchased from Sigma-Aldrich Company. 

 

3. Results and discussion 

3.1 Microstructures and texture analysis  

Figure 1 shows cross-sectional SEM images of the ZnO films on silicon. When the substrate tilting angles 

were changed from 0° to 30°, the microstructure in the ZnO films was changed from vertical columns to 

inclined columns. Cross-sectional microstructure of the ZnO films deposited at the substrate tilting angle 

of 30° (see Figure 2b) clearly shows that the inclined columns appear to have two different features. In the 

initial stage of growth, microstructures show both the vertical columns and inclined columns up to film 



thickness of 1~2 μm from the substrate surface. The growth of inclined columns is subsequently dominant 

for the thickness lager than ~2 μm and the columnar inclination angle was roughly estimated as 27°±3°.  

Figures 1c-1d show the surface morphologies of the ZnO films. The average aspect ratio (e.g., the 

ratio between its length to width) for the surface features of column tops are measured to be 1.8±0.6 and 

2.8±0.9 for the ZnO films deposited at the substrate tilting angle of 0° and 30°, respectively. The shape of 

the column tops is significantly elongated along the direction of the incident flux at the substrate tilting 

angle of 30°. The morphological change of the film with the substrate tilting angle of 30° is due to the 

in-plane growth rate anisotropy formed by the biased diffusion of the arriving species with the in-plane 

momentum and the anisotropy of the capture length for diffusing particles [37,38]. Considering the 

difference of the in-plane growth rate anisotropy for the tilted and non-titled films, the incoming species 

arrived on the surface of the tilted sample have a larger momentum in-plane that could diffuse a longer 

distance, which contributes the elongated granular morphology on the surface of the tilted sample [38-40]. 



 

Figure 1. Cross-section and surface morphologies of the ZnO films deposited with different substrate 

tilting angles: (a, c) 0°; (b, d) 30° (the dotted lines in the (d) show the inclined direction); XRD patterns of 

the ZnO films on silicon substrates deposited at different substrate tilting angles of (e) 0°; (f) 30°.  

 

Figures 1e-1f present the XRD spectra of the ZnO films deposited on silicon substrates. The two 

peaks in the XRD patterns can be indexed to the wurtzite structure of ZnO. The strong (0002) diffraction 

peaks indicate that the preferential growth of the ZnO films is along the c-axis perpendicular to the film 

surface in the sputtering process. Although the analysis is only based on one peak, the observed shift of 

this peak from 34.26° to 34.44° with the substrate tilting angle changed from 0° to 30°suggests that there 

are compressive stresses in the films. The film stress is decreased with the inclination angle due to the 

existence of porous and nano-columnar microstructures. The crystallite (or domain) sizes of the ZnO films 

were estimated using the Debye-Scherrer formula and the calculated values are17±2 nm and 35±4 nm, 



respectively [40]. In addition, the average root-mean-square roughness was obtained using the AFM and 

the data are 5.9±1.7 nm and 13.1±2.2 nm for these two films, respectively.  

Pole-figure analysis was performed using the XRD to obtain the crystal inclination of texture 

structure. As expected, the ZnO film with the substrate tilting angle of 0o (standard deposition) has a strong 

pole figure of {0001}. Figures 2a-2e show the XRD pole figures obtained from the {0001}, {10 1 0}, {10

1 1}, {10 1 2}, {10 1 3} and {12 2 0} reflections of the ZnO film with the substrate tilting angle of 30°. The 

localized {0001} pole is deviated from the central region, suggesting that the ZnO film has a c-axis crystal 

inclination angle of 29.0°±0.5° from the normal, which is generated under the continuous impingement of 

the incoming atoms with an incidence angle. The {10 1 0} pole is relatively weak and is asymmetrically 

distributed at the central region. All the other pole figures do not show strong localization. These results 

verify the formation of the ZnO crystalline structure with an inclined angle. Combining the results of the 

SEM and XRD analysis, we can conclude that there are mixed orientations of the c-axis inclined angled 

crystals (under the continuously impingement of the incoming atoms with an incidence angle) and vertical 

c-axis orientation (which are mainly formed at the initial stage) in the inclined columnar ZnO film.  

 

Figure 2.Pole figures of ZnO films from the different crystallographic diffractions of (a) {0001}, (b){10 1

0}, (c){10 1 1}, (d) {10 1 2},(e){10 1 3}, and (f){12 2 0}. 



3.2 Dual mode SAWs and excitation direction of Rayleigh SAWs 

Reflection signals (S11) of the ZnO SAW devices are shown in Figure 3a. Both the Rayleigh SAWs 

and SH-SAWs are successfully detected from the resonant characteristics of the inclined ZnO film-based 

SAW devices. The peaks of the Rayleigh SAWs are at 67.38 MHz, and 60.47 MHz, corresponding to the 

phase velocities of 4312.32 m·s-1and 3870.08 m·s-1 for the ZnO SAW devices with the substrate tilting 

angles of 0° and 30°, respectively. The peak of SH-SAW for the SAW device using the inclined ZnO film 

is at 89.93 MHz, corresponding to the phase velocity of 5755.52 m·s-1. The phase velocity of the SH-SAW 

at this film/substrate configuration is much larger than that of the Rayleigh mode SAW, which has been 

reported in the inclined AlN SAW devices, as well as the 36° Y-cut LiTaO3 SAW device [41,42]. The 

Sezawa wave modes can also be detected, which exhibit spurious ripples in the region from 95 MHz to 120 

MHz due to a strong triple transit effect [43]. The frequency of SH-SAW is close to that of the Sezawa 

wave, which might cause confusion for their identifications.  

   Figure 3b shows the frequency shifts of the Rayleigh waves varied with the ambient temperature for 

the ZnO SAW devices obtained from the two types of films. The temperature sensitivity becomes slightly 

less significant when the substrate tilting angle is changed from 0° to 30° based on the comparison of the 

frequency shifts between the two samples. The variation of the TCF values from −37.1 ppm·℃-1 to −33.9 

ppm·℃-1 indicates that the temperature stability has been slightly improved using the inclined ZnO films. 

The thermal expansion coefficient of the ZnO film could have been decreased due to the lower elastic 

moduli of inclined angled films and relatively difficult thermal diffusion among the nanoscale columnar 

structures [44]. Therefore, the frequency shifts induced by the expansion and deformation of the inclined 

films become less prominent than those of the ZnO film with vertical crystal inclination. 



 

Figure 3.(a) Reflection spectra (S11) of the ZnO SAW devices using the ZnO film grown with different 

substrate tilting angles; (b) Frequency shifts of the Rayleigh mode with the temperature for the ZnO SAW 

devices with vertical columnar structure and substrate tilting angle of 30o. 

   Because the film thickness varies slightly during the growth process on the silicon substrate using the 

GLAD process, the optical interferences or fringes can be clearly observed on the surface of the inclined 

ZnO film. Due to the anisotropic effect induced by the inclined angled columnar and crystal structures, it is 

needed to investigate the differences of the SAW excitation directions on the reflection spectra of the ZnO 

SAW devices. We selected the device with a spatial period of 64 μm with the substrate tilting angle of 30°, 

and two pairs of the IDTs with their directions vertical and parallel to the interference fringes, respectively. 

Figure 4 shows that there is a frequency difference of ~0.41 MHz between the two peaks of Rayleigh 

waves for the different excitation directions. Whereas the peak shift of SH-SAW is only ~0.04 MHz. There 

are weak and ripple signals of Sezawa waves, thus it is difficult to identify their frequency differences 

along different directions.  

Comparing the peak shift differences between Rayleigh waves and SH-SAWs, the effect of the 

excitation direction has been shown as a significant factor on the Rayleigh waves, as opposed to SH-SAW. 

The main reason is that the longitudinal component of the Rayleigh wave is very sensitive to the film 

thickness and the changes of the non-centrosymmetric polarization of the wurtzite structure along the 



[0001] orientation in ZnO film [40]. Whereas the transverse shear vibrations of SH-SAWs cause the 

distortion or displacement of SH-SAWs, mostly parallel to the surface of the substrate, and the in-plane 

acoustic propagation is confined within the film and interface between the inclined ZnO film and substrate 

[6]. In addition, the frequencies excited from the pair of IDTs with the same directions do not show 

apparent differences, which means that the slight difference in film thickness does not cause apparent 

changes within the region of the two IDTs. Therefore, the thickness effect will not cause apparent peak 

shift for the SH-SAWs. The excitations with orthogonal directions on the inclined film-based SAW device 

show the anisotropic effect for Rayleigh waves and SH-SAWs.  

 

Figure 4. Effects of the excitation directions on the reflection spectra (S11) of the SAW devices fabricated 

using the ZnO film with a substrate tilting angle of 30°. The inset shows that the excitation directions of 

IDTs are vertical and parallel to the interference fringes of the inclined ZnO films, respectively. 

 

3.3. Acoustofluidics performance 

Figure 5a illustrates that the Rayleigh waves are propagated on the surface of the inclined ZnO film 

and then dissipated into the liquid droplet. The coupled energy and momentum of the Rayleigh waves were 

attenuated into liquid along the Rayleigh angle (R), which is defined by the Snell law of diffraction:



)(sin
1

slR VV
−

= , where Vl and Vs are the velocities of the Rayleigh waves in the liquid and ZnO film, 

respectively [11,15]. 

Figure 5b shows one captured top-view image of the internal flow (or streaming) pattern of a droplet 

with a volume of 10 µL on the ZnO SAW device with a substrate tilting angle of 30° at a resonant 

frequency of 60.47 MHz and a power of 0.1 W, which is similar to the patterns for the Rayleigh SAWs 

using LiNbO3, ZnO and AlN SAW devices [11,45,46]. A quasi-stable butterfly-like pattern consisting of 

the double vortexes in the droplet is induced by the ZnO/Si Rayleigh mode SAW as shown in Figure 5b. 

 

 

Figure 5. (a) A schematic illustration of cross-section view for the coupling and flow patterns of the SAWs 

within the liquid droplet; (b) top-view image of the flow pattern of a droplet (10 µL) captured at 60.47 

MHz and a power of 0.1 W using the Rayleigh mode of ZnO SAW device with a substrate tilting angle of 

30°; (c) the transportation velocity of a 2 μL droplet on the hydrophobic surface of ZnO SAW devices 

induced by Rayleigh mode that were excited by the IDTs parallel to the thin-film interference fringes; the 



inset show the snapshots of the transportation of the droplet driven by Rayleigh SAWs with a applied 

power of 3.8 W; (d) the transportation of the droplet with a volume of 2 μL on the hydrophobic surface of 

ZnO SAW devices induced by Rayleigh SAWs that were excited by the IDTs vertical to the fringes at 

different resonant frequencies, the inset shows the Rayleigh angle of the coupled SAWs with an applied 

power of 9.1 W at a resonant frequency of 42.87 MHz. 

With the increased SAW power, the sessile droplet is deformed with asymmetric contact angles and 

starts to slide along the propagation direction of the SAW. Figure 5c shows the transportation velocities of 

the 2 μL droplet on the hydrophobically treated surface of ZnO SAW devices induced by Rayleigh SAWs 

at different powers applied to the IDTs parallel to the interference fringes. The transportation velocity of 

the droplet is quite low and varied around ~50 mm·s-1, with the applied power increased from 3.8 W to 8.6 

W. Figure 6d shows examples of the captured images for the droplet transportation with a volume of 2 μL 

on the hydrophobic surface of ZnO SAW devices, where Rayleigh SAWs were excited by the IDTs with a 

propagation direction vertical to the thin-film interference fringes. The shape of the deformed droplet is 

significantly elongated along the Rayleigh angle (R) at the resonant frequency. The measured jetting angle 

of ~20° is very close to the theoretically Rayleigh value of 20.95° [11] as shown in the inset of Figure 5d. 

The transportation velocity of the droplet on the film surface is determined as 260 mm·s-1 for the resonant 

signal at 67.66 MHz with an applied power of 9.1 W and 188 mm·s-1 for the resonant frequency of 70.72 

MHz at the same power. 

Comparing the values of transportation velocities produced using the IDTs vertical to the fringes with 

those parallel to the fringes, it is found that the Rayleigh SAWs excited from both directions induce droplet 

pumping. However, the transportation efficiency of the droplet using IDTs that is vertical to the fringes is 



relatively higher than that using IDTs that parallel to the fringes under the same applied power and 

frequency. 

The coupling energy and momentum induced by the interfacial interaction of the viscous liquid with the 

SH-SAWs is very weak. At a very higher power of tens of watts, large vertical pressure gradient is 

generated, resulting in very weak random streaming patterns, which has been reported in the literature [42, 

47, 48]. 

3.4. Biosensing using biotin and streptavidin 

 

Figure 6. (a) A schematic illustration of the biosensing using the biotin and streptavidin detected by the 

SH-SAWs and S11 of the ZnO SAW device with the empty and water-filled chamber; (b) the frequency 

shift of the SH-SAWs with the different concentrations of the streptavidin solution. 

 

Figure 6a shows a schematic illustration of the system that comprises a PDMS chamber with the 

silica-coated IDTs of the ZnO SAW device. Considering the difference of the acoustic properties of the 

dual mode SAWs in the liquid, the Rayleigh waves nearly disappears after applying the liquid chamber on 

top of the IDTs. Their reflection signals can be hardly identified from the reflection signals of S11 due to 

the attenuation of the acoustic energy into the liquid, as shown in Figure 6a. Whereas the magnitude of the 



signal for SH-SAWs is dampened slightly and the frequency is also slightly decreased to~89.9 MHz, and 

thus the SH-SAWs can be used for biosensing within the liquid chamber. 

Coupling of streptavidin and biotin normally involves four identical subunits of the streptavidin protein 

binding with four biotin molecules and was widely applied on the surface acoustic wave biosensors with 

specific immune responses [49-51]. Figure 6b shows the frequency shifts of the biosensor response as a 

function of the concentration of the streptavidin conjugated microspheres ranging from 0.5 μg·mL-1 to 9.5 

μg·mL-1. The frequency shift is increased with the increase of the concentration of streptavidin 

microspheres in the chamber, mainly due to mass loading effect and viscoelasticity changes on the bottom 

surface of the chamber [49,51]. From Figure 6b, the mass sensitivity is gradually changed around a 

concentration of 5 μg·mL-1. For example, it is determined as 930 Hz·(μg·mL-1) -1 when the concentration is 

less than 3 μg·mL-1 and becomes 15 Hz·(μg·mL-1) -1 when the concentration is larger than 6 μg·mL-1. The 

differences are mainly due to the saturated bio-reaction of the streptavidin with the biotin due to the limited 

area of the bottom surface of the chamber at a higher concentration of streptavidin. 

 

4. Conclusion 

In this paper, the inclined ZnO films were successfully deposited using DC magnetron sputtering with a 

substrate tilting angle of 30°. XRD pole figure analysis revealed that the inclined ZnO film has a crystal 

inclination angle of 29.0°±0.5°. Based on the results of the SEM and XRD analysis, this deposited inclined 

crystal film has a mixed orientation of both vertical crystal orientation and the inclined crystal 

orientation.SH-SAW and Rayleigh SAW have been simultaneously obtained in the SAW devices made on 

the inclined ZnO films. The effect of the excitation direction on the frequency change has been observed 

for the Rayleigh waves and the SH-SAWs. The anisotropic effect of the inclined orientation in the ZnO 



films plays an important role on the frequency difference of SH-SAWs excited at orthogonal directions. 

Results of the excitation direction of Rayleigh SAWs on the acoustofluidics showed that the transportation 

efficiency of the droplet using IDTs vertical to the interference fringes is relatively higher than those using 

IDTs parallel to the fringes under the same applied power. Differences in the acoustofluidics performance 

of SH-SAW and Rayleigh SAWs show that the multifunctional operations could be combined and 

performed in the acoustofluidic system using one ZnO SAW device including streaming and transporting 

using Rayleigh SAWs and effectively biosensing using SH-SAWs. 
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