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Abstract: Transparent microfluidic devices based on ZnO thin film/glass surface acoustic 

waves (SAWs) were explored for active surface cleaning based on its acoustofluidic 

performance. Acoustic waves generated from ZnO films on glass substrate were investigated 

mailto:richard.fu@northumbria.ac.uk


and their acoustofluidic performance including transportation, jetting and nebulization were 

evaluated. Ash particles and starch solutions were used as model contaminants on the surface 

of the ZnO/glass SAW devices, and the mass loading of the contaminants on the device’s 

surface was monitored using the SAW device with a high sensitivity of 280.0 ± 9.0 

Hz/(μg/mm2). Active surface cleaning of the contaminants was demonstrated based on the 

transportation of water droplets, and optimized SAW powers were identified which caused 

strong interactions between water droplet and contaminants, thus effectively cleaning the 

surfaces. Studies of surface heating effects induced by SAWs showed that the cleaning 

efficiency was also influenced by the substrate temperature induced by SAW agitations. 
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1. Introduction 

 

Microfluidics provides a versatile platform with multiple functions of liquid mixing, separation, 

transportation, jetting, nebulization, and precise control and manipulation of biological cells or 

microparticles for drug delivery, lab-on-a-chip, food, and biomedical industries [1-3,4]. 

Acoustofluidics, which is mainly based on ultrasonics or acoustic waves, brings a revolutionary 

platform for biosensing and various microfluidics functions [5,6]. Innovative design and 

control of generation of surface acoustic waves (SAWs) on planar acoustic wave devices have 

been successfully developed as advanced lab-on-a-chip (LOC) platforms, providing both 

efficient bio-sampling and bio-sensing functions [7, 8].  



 

Acoustofluidic devices based on SAWs are mostly fabricated on piezoelectric ceramics, such 

as LiNbO3 [8]. Recently, thin film-based SAWs have been extensively explored, which have 

advantages for realizing bendable/flexible LOC platforms, implementing highly integrated 

functions with microelectronics or other microfluidic/sensing techniques [8,9]. Among 

different types of thin film based SAW devices, ZnO film based devices on glass substrates 

have been widely explored for various sensing and optical applications [10,11]. These 

ZnO/glass SAW devices have advantages such as relatively low-temperature coefficient of 

frequency (TCF), high light transmission performance (>80%), and good optical transparency 

[10, 12-13]. As it is well-known, glass has been extensively used as a substrate for various 

applications in optics, biology, photovoltaics, and electronics. Therefore, glass-based SAW 

devices have great potentials to be integrated into these applications [9,11]. For examples, 

glass-based SAW devices can be used for transparent and flexible electronic devices [9].  

 

There are previous studies using the ZnO/glass SAW devices for microfluidic applications. For 

example, acoustic streaming was demonstrated using transparent ZnO/glass SAW devices with 

Rayleigh waves at a high frequency of 154.9 MHz [12,14]. However, the acoustofluidic 

performance of ZnO/glass SAW devices (including pumping, jetting and nebulization) has 

seldom been reported. The key challenges in assessing acoustofluidic performance of 

ZnO/glass SAW device are that ZnO film typically have a poor adhesion to glass substrates and 

are prone to peel off [15]. In contrast, for most of these acoustofluidic applications, ZnO films 

with a thickness larger than one micron are normally required. Moreover, ZnO/glass SAW 



devices often have a low electromechanical coupling coefficient and a low acoustic wave 

propagation speed as compared to those on silicon [15]. They also experience a significant 

heating effect due to glass’s low thermal conductivity [15].  

 

Despite these shortcomings, successfully engineered ZnO/glass SAW devices can be 

introduced for wide-range applications such as an active cleaning optical platform to alleviate 

the problems due to the accumulation of dirt and solid/liquid contaminants on glass lenses, 

telescope windows, or solar panels which can result in losses in energy and outputs [16]. A 

fully transparent ZnO/glass SAW device would be a good choice for simultaneously monitoring 

dust/contaminants formation through frequency shifts, while the cleaning functions will be 

triggered when it is needed. A feedback mechanism based on this SAW sensor could be easily 

implemented to verify if the surface is cleaned. Therefore, there is a strong need to investigate 

acoustofluidics performance and accretion–cleaning (dust and particles, etc.) characteristics of 

ZnO/glass SAW platform. 

 

In this paper, transparent ZnO/glass SAW devices were fabricated and their acoustic 

characteristics were investigated. Acoustofluidic performance and efficiency of these 

ZnO/glass SAW devices were firstly evaluated including pumping, jetting and nebulization 

phenomena. The ZnO/glass SAW devices were demonstrated both as a sensor to detect the 

surface accretion (using dust and starch solutions as examples) and as an efficient actuator to 

drive liquid droplets for active cleaning. SAW-induced thermal effects have also been studied, 

exploring the issues with the acoustofluidic and cleaning performance.  



 

2. Experimental 

ZnO thin film was deposited on a 500 µm-thick borosilicate glass wafer with a diameter of four 

inches using a direct current (DC) magnetron sputter (Nordiko) with a zinc (Zn) target (99.99% 

purity). Before the deposition, the glass substrates were cleaned using acetone and ethanol, and 

then rinsed with deionized (DI) water, and finally dried using nitrogen gas. The distance 

between the glass wafer on the substrate holder and the Zn target was ~20 cm. The vacuum 

pressure of the chamber was maintained at ~0.35 Pa. The rotational speed of the substrates was 

4 rpm, and no external heating was applied to the substrate. During the deposition process, the 

surface of the Zn target was oxidized and sputtered by introducing flow of argon and oxygen 

gases with Ar/O2 flow ratio of 10/15 sccm (standard cubic centimeter per minute). The plasma 

power was set at 400 Watts. Cross-section morphology of the ZnO film was observed using a 

scanning electron microscope (SEM, S-4100, Hitachi). Its crystalline structure was analyzed 

using an X-ray diffractometer (XRD,D5000, Siemens) with Ni-filtered Cu-Kα radiation (40 kV, 

30 mA, λ = 1.5406Å). Raman spectrum was obtained using a Raman spectrometer (Thermo 

Scientific DXR3, with a laser beam wavelength of 532 nm). Optical properties of the film 

deposited glass were characterized using a spectrophotometer (NKD-8000, Aquila). 

Photoluminescence (PL) spectra were recorded using a fluorescence spectrometer (LS-55, 

Perkin-Elmer) under a Xe lamp excitation with a wavelength of 325 nm. 

 

Interdigital transducers (IDTs) consisting of 20 nm-thick Cr and 100 nm-thick Au layers were 

patterned using a standard photolithography and lift-off process. The designed IDTs had 50 



pairs of fingers with wavelengths of 16, 32, 64, and 100 µm. The reflection spectra (S11) and 

transmission spectra (S12) of the SAW devices were measured using a radio frequency (RF) 

network analyzer (Keysight, FieldFox N9913A). The impedance of the input port at the 

resonant frequency (f0) was measured using the Smith Chart function of the network analyzer. 

The electromechanical coupling coefficient (k2) was calculated using the following equation:

 

0

4
ff

2

B

G

N
k

=









=


,                       (1) 

where N is the finger pairs of the IDTs; G and B are the radiation conductance and susceptance 

of the input port at the resonant frequency obtained from the Smith chart of the network 

analyzer, respectively [17]. 

 

Acoustofluidics tests were performed using the ZnO/glass SAW devices, and functions of 

transportation (or pumping), jetting and nebulization of water droplets were demonstrated. For 

nebulization tests, the ZnO/glass SAW devices were directly used without any surface 

treatments, and a 2 μL of de-ionized (DI) water droplet was agitated with the applied SAW 

power. For droplet transportation and jetting studies, the surfaces of the ZnO/glass SAW 

devices were uniformly coated with a layer of CYTOP (Asahi Glass Co.) to create a 

hydrophobic layer [18]. An RF signal at the resonant frequency of the SAW device was 

generated using a signal generator (Aim TTi, TG5011A) and then amplified using a power 

amplifier (Amplifier Research, Model 75A250). The RF power applied to the IDTs of the SAW 

devices was measured using an RF power meter (Racal Instruments 9104).  

 

To demonstrate dust monitoring and cleaning functions, SAW devices with wavelengths of 100 



µm and 64 µm were used. Surfaces of the IDTs were coated with different masses of ashes 

(from incense sticks), and starch solutions in their semi-solid and liquid forms, all as the models 

for surface contaminants. For these tests, surfaces of the SAW devices were pre-treated with a 

hydrophobic surface layer of CYTOP, to facilitate movement of water droplets along the 

surface, and various RF powers were applied on these SAW devices.  

 

Temperature coefficient of frequency (TCF) of the SAW device is associated with its thermal 

stability and linked with the temperature expansion coefficients of both ZnO and glass. To 

obtain the TCF value, the ZnO/glass SAW devices were heated from 20oC to 60oC in an oven 

(Carbolite) while their resonant frequencies were monitored using the network analyzer. The 

TCF values were obtained based on the shifts in their resonant frequencies within a temperature 

range from 20oC to 60oC, using the following equation: 

𝑇𝐶𝐹 =   
1 
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where the TCF is expressed as parts per million of frequency shift per degree Celsius (ppm/°C). 

 

To evaluate surface heating effects during the acoustofluidics and cleaning processes, an 

infrared (IR) camera (FLIR, T620bx) was used to monitor the temperature changes on the 

surface of the SAW devices at different frequencies and powers. Furthermore, the changes in 

temperature during pumping and nebulization were also recorded using the IR camera at 

different SAW powers, for the ZnO/glass SAW devices with different frequencies. 

 

3. Results and discussion 



3.1.ZnO film characterization 

 

Figure 1 shows cross-section microstructure of ZnO film on the glass substrate, indicating a 

vertically columnar structure. The film thickness was determined to be 4.17 μm. Figure 1b 

shows the XRD pattern of the ZnO film on a glass substrate. A strong peak at 33.90° 

corresponds to the (0002) plane of ZnO film, which shows the c-axis preferential growth of the 

wurtzite ZnO film. Figure 1c shows the vibration modes of the ZnO films from the Raman 

spectrum of the ZnO film. The sharp peak at 100 cm-1 is assigned to non-polar modes of E2(low) 

[18]. Two strong and broad peaks at 432 cm-1 and 575 cm-1 correspond to the E2 (high) and A1 

(LO) vibration modes of ZnO, respectively [19, 20]. The weak peak at 326 cm-1 is originated 

from the second-order mode of Raman scattering [21, 22]. Figure 1d shows the transmission 

spectra from the ultra-violet visible spectrophotometer of the ZnO film on the glass. The optical 

transmittance value is larger than 70% within the measured wavelength range of 450 to 800 

nm. The defects of ZnO films on the glass substrate can be identified from the PL spectrum 

shown in Figure 1e. A wide band with multiple peaks of 404 nm, 423 nm, 461nm and 485 nm 

is assigned to the complex defects. Those two peaks at 404 nm and 423 nm correspond to zinc 

vacancies, and those two peaks at 461nm and 485 nm are related to the oxygen vacancies [19]. 

A weak peak at 523 nm is originated from the singly-ionized oxygen vacancies on the ZnO 

surface [19]. 

 



 

 

 

Figure 1: (a) Cross-section morphology of the ZnO film deposited on glass; (b) XRD pattern; 

(c) Raman spectrum of the ZnO film on glass substrate; (d) UV-VIS transmission spectra of 

ZnO film on glass; (e) Photoluminescence spectrum of ZnO film on glass substrate excited 

using a wavelength of 325 nm at room temperature 

 

In brief, all the above film characterization results showed that the ZnO film on glass substrate 



has a good crystallinity, c-axis orientation, and transparency, which are suitable for 

piezoelectric and SAW applications. 

 

3.2. ZnO/glass SAW device characterization 

 

Numerical simulations were performed to investigate the resonant frequencies and wave modes 

of the ZnO/glass SAW devices. This was done using finite element analysis (FEA) with 

commercial software (COMSOL 5.1) based on a two-dimensional (2D) strain model of a piezo 

plane. For the simulations, a 5 µm-thick ZnO film was modeled on a 120 µm-thick glass 

substrate that was imposed a fixed boundary condition at the bottom. The reason to select a 

thinner glass in this model is to reduce simulation complexities, while the selected thickness is 

still large enough for penetrations of the acoustic wave into the substrate without affecting the 

results. A free and zero charge/symmetry boundary condition was assigned to the top surface 

of the piezoelectric ZnO layer. Periodical boundary conditions were adopted for both sides in 

this model. A polarization voltage value of 1 V was applied to one 200 nm-thick aluminum 

electrodes, while the second electrode was assigned to be electrical ground. The material 

constants were extracted from the material library of COMSOL. The wavelength of the devices 

was changed from 16 to 100µm.  

 

Figure 2a shows examples of the obtained theoretical impedance and experimental reflection 

spectra (S11) of the ZnO/glass SAW device with a wavelength of 100 μm. The resonant 

frequency of the Rayleigh wave was found to be 28.12 MHz from both the simulation and 



experimental results. The Sezawa mode appears at 51.53MHz. The multiple peaks centered 

around 126.28 MHz are assigned to the higher-order (harmonic) modes. The particle vibration 

profiles of different wave modes are presented in Figures 2b-2d, which confirms the acoustic 

characteristics of the above three modes. 

   

 

Figure 2. (a) frequency response (S11) of the ZnO/glass SAW device with a wavelength of 

100 µm; particle vibrations of the three modes: (b) Rayleigh wave, (c) Sezawa mode and (d) 

higher order mode. 

 

Figures S1(a, d and g) in the supporting information show the obtained theoretical impedance 

and experimental reflection spectra (S11) of the ZnO/glass SAW devices with wavelengths of 



64, 32, and 16 μm. The resonant frequencies of the Rayleigh waves are 41.60 MHz, 79.98 MHz, 

and 155.25 MHz based on simulation and experimental results for devices with wavelengths 

of 64, 32, and 16 μm, respectively. Their Sezawa modes appear at 83.55 MHz and 161.35 MHz 

for devices with 64 μm and 32 μm wavelengths, respectively. These have been verified from 

the simulation results as can be seen in the simulated impedance of those devices. The particle 

vibration profiles of these modes are further shown in Figures S1b to S1h. 

 

Figure 3(a) shows the phase velocities of Rayleigh and Sezawa wave modes as a function of 

the normalized thickness (hk, h is 4.17 µm, k = 2/,  is 100, 64, 32, and 16 µm). The phase 

velocity of Rayleigh wave changes from 2503 m/s to 2812 m/s with increase of the normalized 

thickness from 0.26 to 1.64. The velocity of Rayleigh wave propagating in ZnO (2700 m/s) is 

smaller than that in glass (3200 m/s) [9, 10]. The dispersion effect of the phase velocity is 

significantly influenced by the penetrating depth of the acoustic wave into the glass substrate 

when the wavelength is increased from 16 μm to 100 μm [9]. The phase velocity of Sezawa 

mode waves is increased from 5163 m/s to 5347 m/s, which shows a similar characteristic of 

the velocity dispersion, compared with those of the Rayleigh waves as shown in Fig. 3(a). 

   



   

Figure 3. (a) Phase velocities and (b) Coupling coefficients of the ZnO/glass SAW devices as 

a function of the normalized thickness; (c) Frequency changes of the Rayleigh wave with the 

temperature for the ZnO/glass SAW device with a wavelength of 100 μm, and (d) the TCFs as 

a function of the normalized thickness. 

 

Figure 3(b) shows the obtained average values of electromechanical coupling coefficient k2 for 

the Rayleigh waves of the devices with different wavelengths. The k2values are changed from 

0.18%, 0.29%, 0.19% to 0.85% with the increase of the normalized thickness, as shown in 

Figure 3(b). These values are much lower than those on silicon substrates (3% to 4%). Zhou et 

al. previously reported that the k2 values of the Rayleigh wave SAW devices were decreased 

from 1.8 % to 0.5% as the wavelength of the SAW devices is increased from 16 to 32 μm [12]. 

As the wavelength is increased, the energy is mostly dispersed into the non-piezoelectric glass, 

which ultimately results in a reduction in the k2 values [9, 12]. The maximum value for Sezawa 

mode is 1.6% at a normalized thickness of 0.41, which is slightly larger than those reported in 

the literature (e.g., 0.45 to 0.50 %) [23,24]. For the Sezawa mode, as its frequency is much 

higher, the wave energy is more confined to the interface and the ZnO thin film, which 

ultimately leads to a larger coupling coefficient [25-27]. It was reported that the k2 values of 



Sezawa wave mode are decreased as the wavelength is increased [12]. 

 

Figure 3(c) shows the frequency shifts of Rayleigh wave for the ZnO/glass SAW device with 

a wavelength of 100 μm between the temperatures of 25oC and 60oC, and the obtained TCF 

value has a positive value of 44.33 ppm/oC. Figure 3(d) shows the average TCF values of the 

SAW devices decrease with the normalized thickness. This is mainly because at smaller 

wavelengths, the propagation of the acoustic wave is mainly confined in the piezoelectric ZnO 

film [28]. Moreover, the TCF value of glass is generally positive, and the TCF value of ZnO is 

negative. The TCF values approach zero with the increase in the normalized thickness, which 

is very good for sensing applications to avoid influences of ambient temperature. It was noted 

that the TCF values of SAW devices that consist of common piezoelectric materials such as 

LiNbO3, AlN, and GaN are dramatically different [29]. To be compared with, those TCF values 

for the ZnO/Si, LiNbO3 and ZnO/Al SAW devices are from -18 ppm/ oC, to -75 ppm/oC, and 

then up to -600 ppm/oC [30].  

 

3.3.Acoustofluidic performance 

 

Figures 4(a-c) show the snapshots of the droplet transportation at a power of 3.99 W using the 

Rayleigh mode of the SAW device with a wavelength of 100 µm (at a resonant frequency of 

28 MHz). The droplet has been transported on the substrate surface where the pumping speed 

of the water droplet is dependent on the size of the water droplet and surface treatment of the 

ZnO/glass SAW device [30]. With an increase in the power applied on the same SAW device, 



the pumping speed of the water droplet increases as shown in Fig. 4d. 

 

 

 

 

Figure 4. Droplet pumping of a water droplet of 2μL on the surface of ZnO/glass SAW 

devices with a wavelength of 100 µm applied using a power of 3.99 W at the time of (a) 0 



s; (b) 0.455 s and (c) 0.569 s, respectively; (d) droplet pumping speed versus the applied 

power for ZnO/glass SAW device with a resonant frequency of 28 MHz; (e) snapshot of 

the droplet jetting on the surface of ZnO/glass SAW devices with a wavelength of 100 µm 

applied using a power of 9.62 W; (f) droplet jetting speed versus the applied power for 

ZnO/glass SAW devices with resonant frequencies of 28 MHz and 41MHz; (g) 

nebulization behavior of 1 µL water droplet on the surface of ZnO/glass SAW devices with 

a resonant frequency of 28 MHz applied using a power of 2.35 W; (b) the nebulization rate 

versus the applied power. 

 

When the power applied is increased above 4 W, the water droplet was observed to eject from 

the surface instead of just moving or sliding on the surface of the SAW device. Figure 4e shows 

that with a relatively high power of 9.62 W, acoustic energy coupling into the water droplet 

becomes so large that the water droplet can be deformed into an elongated liquid column and 

ejected from the surface after 0.558 s [26]. Figure 4f shows the jetting speeds which were 

calculated as the distances moved by the droplet along the ejected direction in the horizontal 

plane, divided by the time to experience the whole jetting phenomenon. Similar trends were 

observed for both samples of 28 MHz and 41 MHz with the increase of RF power, whereas the 

jetting speed for 78 MHz seems to be decreased (all the results are shown in the supporting 

information). This decrease in jetting is probably because at a higher frequency, the energy is 

dissipated much faster into the water droplet. 

 

The jetting angle is linked to the Rayleigh angle 𝑅, which can be calculated using the speed 



of sound in water 𝑉𝐿 (1480 m/s) and wave propagation velocities in solid 𝑉𝑠 [31], based on 

the following equation [32]:  

𝑅 =  𝑠𝑖𝑛−1𝑉𝐿/𝑉𝑠                     (3) 

The calculated values of Rayleigh angles for the SAW devices with different wavelengths are 

summarized in Table S1. These calculated angles are between 31.73o and 36.17o. The measured 

results of the jetting angles showed that they are ranged from 30.6°±1.2° to 34.6o±1.0°, which 

are following those of the Rayleigh angles. The differences between the calculated and 

measured values of Rayleigh angles are caused by the surface treatment, applied power, and 

the size of the water droplet as reported in Ref. [25]. 

 

Figure 4g shows an example of high-speed images of nebulization phenomena of a water 

droplet (on untreated device surface) obtained using the SAW device with the wavelength of 

100 µm and a power of 2.35 W. When the power is applied to the SAW device, the pressure 

from the acoustic waves drives the water droplet and causes the significant vibration of the 

hemispherical surface, resulting in the formation of capillary waves and ejected tiny droplets 

[33]. When the nebulization process occurs, a mist of different sizes of the tiny droplets are 

ejected from the surface in various directions, as can be seen in Figure 4g. For the nebulization, 

the average nebulization speed is defined as the volume of the water droplet divided by the 

time for the water droplet to be fully nebulized. Figure 4h shows the obtained nebulization 

speeds as a function of the applied power. As the power is increased, the nebulization time for 

the 1 µL water droplet to be fully nebulized is gradually reduced, with slight fluctuations 

observed. The nebulization speed is observed to increase with the SAW power applied, which 



is linked with the fast nebulization process at a much larger power value [32]. 

 

In brief, the above acoustofluidics result shows that the ZnO/glass SAW device with a 

frequency of 28 MHz presents good acoustofluidic performance in terms of pumping, which 

would be useful for cleaning applications as other frequency samples would most likely result 

to jetting phenomenon. In terms of jetting, the results shown above could be effectively used 

in applications such as 3D printing [32].  

 

3.5. Demonstration of dust sensing and surface cleaning  

 

Detection of dust formation based on mass-loading effect 

Figure 6a shows the frequency shifts (f) as a function of the mass area ratio (m/A) of dusts 

(using ashes as examples) for the mass loading testing on four SAW devices with different 

wavelengths. The frequency shift of the SAW devices gradually increases with the mass area 

ratio loaded on top of the IDTs. To determine the sensitivity, a linear fit between the frequency 

shift and mass area ratio was performed in the linear region of the variations from 475.7 

μg/mm2 to 964.3 μg/mm2. The sensitivity is obtained as 5.7±2.1 Hz/(μg/mm2), 8.6±1.8 

Hz/(μg/mm2), 15.5 ±5.5 Hz/(μg/mm2) and 280.0 ±9.0Hz/(μg/mm2), which increases with the 

resonant frequency of SAWs excited using different wavelengths. Figure 6b shows the 

experimentally obtained sensitivity results, compared with those calculated using the following 

equation: 
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where K is a piezoelectric constant that is related to the film [35]. The deviations between the 

experimental and theoretical results are possibly caused by the variations of the coupling 

interaction of the dust with ZnO film, mainly including the physical adsorption [34,35].  

 

 

Figure 6: (a) Frequency shift vs mass per unit area of ash particles on SAW devices with 

wavelengths (resonant frequency) of 100 µm (28 MHz), 64 µm (41 MHz),32 µm (78 MHz), 

and 16 µm (150 MHz); (b) Sensitivity versus the frequency of the ZnO/glass SAW device for 

mass loading testing of ash particles. 

 

Demonstration of active cleaning  

 



 

Figure 7: Droplet transportation behaviors of a 2 µl droplet at a power of 4.95 W for 28 MHz 

SAW device (a) 0 s; (b) 3.069 s; (c) 6.822 s; and for 41 MHz SAW device (d) 0 s; (e) 1.598 s; 

(f) 1.826 s; (g) Time taken (s) for water droplet to drive away ash particles versus power applied 

for all four different SAW devices of different frequencies; (h) Area versus power as a measure 

of cleaning efficiency on 64 µm SAW device. 

 

Active cleaning demonstrations were conducted using the SAW devices with a frequency of 28 

MHz (wavelengths of 100 µm), with the ashes put onto the SAW propagating paths. Figures 

7a-7c show examples of the cleaning stages of ash particles on the surface of the SAW device 

with a wavelength of 100 µm at an applied power of 4.95 W. When the droplet encounters the 

ash particles during the pumping process, the ash particles are quickly mixed into the water 

droplet and then driven away [36]. During the process, droplets were pumped at different 

speeds and moved along the propagating path of the SAWs. Figures 7d-7f show the obtained 

cleaning results on the 64 µm SAW device. The water droplet was driven at an RF power of 

4.95W, and the ash particles were taken away by the moving water droplet at a much higher 

speed as compared to the 100 µm SAW device [36]. 

 



Figure 7g shows that for the 100 µm (28 MHz) SAW device, the water droplet is observed to 

experience pumping where at a power of 4.95 W is suitable for cleaning work for driving away 

ash particles. When the frequency increases (where wavelength reduces), the water droplet is 

experience jetting at higher powers, which is not ideal for removing the ash for cleaning. 

 

Figure 7(h) shows the estimated cleaning efficiency (defined by the cleaned area of a layer of 

dust due to the water droplet movements versus power for a 2 µL of a water droplet). With a 

SAW power value between 1.82 W to 3.99 W, the cleaning efficiency is much better than that 

at powers less than 1.82 W and larger than 3.99 W. At lower powers, the water droplet is not 

able to remove some dusts easily due to the low pumping speed. Whereas at higher powers, the 

water droplet is experiencing jetting where dust would not be removed due to the very short 

interaction time between the dust particles and the fluid. Figure S2 in the supporting 

information summarises the moving speeds of the droplet versus the applied power for cleaning 

work. It corresponds to how fast it took the water droplet to drive away from the ash particles. 

Figure S3 in the supporting information summarizes the cleaning results based on the time 

taken for the water droplet to fully drive away the ash particles against the power applied, and 

it is complementing the droplet movements illustrated from Figure 7(a) to 7(f). As the power 

applied is increased, the droplet is transported much faster. The time taken for the water droplet 

to fully drive away the ash particles decrease as the SAW devices’ wavelength decreases. In 

other words, as the frequency increases, the time required to drive away ash particles reduces 

as the power applied increases. However, based on Figures S3d to S3f in the supporting 

information, for the 155 MHz sample, at a power of 4.95 W, the water droplet is not efficient 



enough to drive away the ash particles. The reason is at such a high frequency, the waves are 

significantly dampened, and the energy is being dissipated relatively faster into the water 

droplet.  

 

Figure 8 shows the cleaning stages of starch powders and solutions which were deposited on 

the surface of the SAW device using the continuously supplied water droplet of 2 µL. Figure 8 

(a) to (d) are those results for dried solid starch powders. As the SAW power is applied, the 

water droplet has been pushed to move to the starch position as shown in Figure 8(b). Under 

the agitation of SAW power, the starch is quickly mixed with the water droplet, causing 

significant streaming inside the water droplet. During this process, more water droplets were 

continuously dispensed to effectively mix and drive the semi-solid starch particles as seen in 

Figure 8(c). Simultaneously the acoustic heating effect occurs, providing an effective role to 

dislodge particles from the surface by overcoming the adhesion forces of the liquid starch 

solution. Finally, the large water droplet was observed to be driven away as shown in Figure 

8(d). Results clearly showed that with a combination of internal streaming and acoustic heating 

effects, the contaminated starch particles can be effectively driven away using the SAW device. 

Active surface cleaning was further demonstrated using a semi-liquid starch/water solution, 

which was dropped onto the SAW propagating paths, to simulate contaminants such as birds’ 

excrement. Figure 8(e) to 8(h) shows the sequence of cleaning stages of liquid starch solution 

on the SAW device. Under the significantly internal streaming and acoustic heating effects, the 

liquid starch solution is observed to be fully driven away.  

 



 

Figure 8 (Top line): Droplet transportation images with continuous dispensing of 2 µL of water 

droplet to effectively drive solid particles away at: (a) 0 s, (b) 18.685 s, (c) 44.890 s, (d) 70.867 

s ; (Bottom line) Droplet transportation images for starch mixture with continuous dispensing 

of 2 µl water droplet at: (e) 0 s; (f) 1.936 s; (g) 10.705 s; (h) 38.492 s  

 

Thermal effects during acoustofluidics and cleaning  

Figure 7a shows acousto-thermal effects on the surface of the ZnO/glass SAW devices with a 

wavelength of 100 µm at different applied powers. The surface temperature increases rapidly 

for 30 s during the heating process. Subsequently, a slow increase of the temperature can be 

observed from 30 s to 60 s. The maximum value of temperature is changed from 43℃ to 98 ℃ 

with the applied power varied from 1.41 W to 7.59 W. The inset of Figure 7a shows the snapshot 

of an infrared image of the thermal distribution on the surface of the ZnO/glass SAW device 

using an applied power of 2.35 W. The heating rate of the thermal effect in the ZnO/glass device 

was determined by a linear fit of the highest temperature as a function of the applied power. 

The obtained results are shown in Figure 7b. The heating rates are obtained as 7.69 ℃/W, 

9.72 ℃/W, 66.33℃/W and 30.73℃/W, corresponding to the thermal effects occurred on the 

ZnO/glass devices with the wavelengths of 100 µm, 64 µm, 32 µm and16 µm, respectively. 

Comparing the above heating rates of the ZnO/glass devices with the values of 0.67~1.26 ℃/W 



measured in ZnO/ultra-nanocrystalline diamond (UNCD) SAW devices [17], it indicates that 

the low thermal conductivity of the glass substrate (1.5 W/m·K) favorthe improvement of 

heating rates at the MHz range, where the thermal conductivity of UNCD device is 26 W/m·K 

[17, 40].  

 

 

Figure 7 (a) the surface temperature of the ZnO/glass SAW device with a wavelength of 100 

µm as a function of the time using different applied powers, the inset shows the snapshot of 

infrared imaging of the thermal distribution on the surface of the ZnO/glass SAW device using 

an applied power of 2.35 W; (b)the acoustic thermal effects between the temperature and the 

applied power for the Rayleigh waves excited using different resonant frequencies. 

 

For active cleaning, the heating effect is a crucial factor. When the temperature increases, the 

SAW devices will be heated up, which can trigger the water droplet to effectively interact with 

surface contaminants and the surface contaminants can be more efficiently driven away during 

liquid transportation. In addition, based on the above results of acoustic heating, the ZnO/glass 

devices need to be monitored, and should be operated in the appropriate range of the applied 

power, which can be used to prevent overheating of samples and damaging the SAW electrodes 



(IDTs). 

 

4. Conclusions 

In this paper, ZnO/glass SAW devices were fabricated and characterized. The acoustofluidics 

performance of these ZnO/Glass SAW devices were demonstrated where both pumping and 

jetting phenomenon were observed when the surface was treated with a hydrophobic layer. 

Nebulization of the water droplet on the nontreated sample surface was also demonstrated using 

the same devices. The transparent glass structures with integrated SAW devices are introduced 

as an active cleaning platform with contamination detection capability. Detection of dust 

formation is possible using the SAW devices as sensors based on the mass loading effect. 

Detection of contaminants and their subsequent removal were demonstrated in this paper. 

Surface cleaning of ash, starch particles and solutions, used as model contaminants, was 

demonstrated for different RF powers to evaluate the cleaning efficiency and thermal effect on 

ZnO/glass SAW devices. This active sensing and cleaning work can be further used for 

autonomous cleaning in the future by implementing a closed loop feedback.  
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