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ABSTRACT

Conventional acoustofluidics are restricted to manipulation of droplets on a flat surface, and there is an increasing
demand for acoustofluidic devices to be performed at inclined surfaces to facilitate multilayered microfluidic device design
and enhance system compactness. This paper reports theoretical and experimental studies of acoustofluidic behaviors
(including transportation/pumping and jetting) along inclined surfaces using AIN/Si Rayleigh surface acoustic waves
(SAWS). It has been demonstrated that for droplets with volume smaller than 3 pL, they could be efficiently transported
on arbitrary inclined surfaces. The gravity effect would play a more and more important role in uphill climbing with the
increased inclination angle. When the inclination angle was increased up to 90°, a higher threshold power was needed to
transport the droplet and the maximum droplet volume which can be pumped also reached its minimum value. Effects of
surface inclination angle on droplet jetting angles could be neglected for their volumes less than 2 pl. Moreover,
microfluidic and acoustic heating performances of AIN/Si SAWs were further studied and compared with those
conventional ZnO/Si SAWSs with the same electrode configurations.
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1. Introduction

Surface acoustic wave (SAW) devices have attracted great attention for microfluidic and lab-on-a-chip applications
due to their low cost, simple fabrication process, fast response and high precision [1-4]. Various microfluidic functions,
including streaming [5, 6], mixing [7, 8], concentration [9], pumping [10], splitting [11], jetting [12, 13], nebulization [14-
16] and particle/cell manipulation and separation [17, 18] have been demonstrated using SAW techniques. Conventional
SAW devices for acoustofluidics are mostly made on bulk LiNbO; substrates on account of their large electromechanical
coupling coefficients (5~11%) and resulting in low threshold powers [12, 19]. However, these bulk piezoelectric substrates
are often expensive, less easily integrated with electronics for signal processing and easily broken at a high power due to
the brittle nature of the ceramic material under a large thermal/electrical shock [20-22].

SAW technologies based on piezoelectric thin films such as ZnO and AIN present several distinct advantages over
bulk substrates, including flexible electrode designs, high breakdown voltage and easily integrated with other electronics
[4, 23]. Another key advantage using piezoelectric thin films is that they can be easily deposited onto different substrates
such as silicon, glass, metal and polymer with new functions, and then different acoustic velocities or wave modes can be
obtained [24-27]. Therefore, thin film SAW techniques have been considered as one of the key directions for

acoustofluidics and lab-on-a-chip applications. In recent years, many acoustofluidic devices based on ZnO film SAWSs
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have been reported [28-30]. However, ZnO films are generally considered to be unstable in liquid environment with weak
mechanical and corrosion properties, thus are less ideal for acoustofluidics [31]. Besides, as Zn is considered as a
contaminant in the complementary metal oxide semiconductor (CMOS) processes, ZnO film SAW processing technologies
are also considered to be incompatible with CMOS processes.

In comparison with ZnO films, AIN films have better chemical/thermal stability, higher acoustic velocity, higher
breakdown voltage, and are also compatible with CMOS processes [32, 33]. Therefore, AIN film SAWs have great
potentials for both sensing and acoustofluidic applications. At present, many studies using AIN film SAWs for sensing
applications have been reported [34-36], whereas acoustofluidics based on AIN film SAWSs have seldomly been reported
[20, 21]. Moreover, most acoustofluidic devices are restricted to manipulation of droplets on a flat or inverted surface [37].
However, transportation of droplets along inclined surfaces can facilitate realization of designs for wearable, flexible
multilayered or three-dimensional (3D) microfluidic devices, thereby enhancing structure compactness and volumetric
capacity. Recently, droplet manipulations on inclined surfaces have been demonstrated using electrowetting, electrostatic
actuation and mechanowetting on transverse waves [38-41]. However, the uphill actuation of the droplet along inclined
surfaces using the SAWSs has not been reported yet as far as we have searched. In this paper, we investigated acoustofluidic
behaviors (including transportation/pumping and jetting) along the flat and inclined surfaces using AIN/Si Rayleigh surface
acoustic waves. Moreover, we also fabricated a ZnO/Si SAW device with the same electrode configurations (wavelength,
aperture and finger pairs) as those of AIN/Si SAWSs and compared their microfluidic and acoustic heating performances.

2. Theoretical analysis
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Fig. 1. The droplet force analysis on the inclined surface (a) without and (b) with agitation of the SAW.

Fig. 1 shows the droplet force analysis on the inclined surface without and with agitation of the SAW. In the absence
of SAW, the force balance of the droplet is mainly governed by three forces: (i) the gravitational force mg which is intended
to deform the droplet; (ii) the hysteresis resistance force F, due to contact angle hysteresis (CAH) which is attempted to
prevent the motion; and (iii) the normal reaction force N from the substrate [42]. Thus, the surface needs to exhibit a large
CAH to hold the droplet on the inclined surface at a static equilibrium. Moreover, there is also a critical value for surface
inclination angles, above which, the droplet begins to move. The surface inclination angle at which the droplet is at the
point of impending motion is defined as the critical inclination angle as [43, 44]. Then the force balance of the sessile
droplet on the inclined surface in the x-axis direction without SAW agitation can be given by

{Fr =mgsina for a < o 1)

F. =kyL(coség,, —cosb,,) fora=a;

where m is the mass of the droplet, g is the acceleration of the gravity, « is the surface inclination angle, k is a dimensionless
constant, y is the liquid-vapor interfacial tension, L is a length scale related to the droplet, Gy and 6rec are the advancing

and receding angles, respectively.



When a droplet is put on the surface of the propagating wave, the energy of Rayleigh wave will be dissipated into the
droplet, generating an acoustic streaming force and inducing the droplet inertial streaming, known as acoustic streaming
[45, 46]. Once the droplet starts moving, a shear force is generated due to the rate of fluid strain formed along the contact
line between the droplet and hydrophobic surface [47]. Therefore, there are five main forces applied onto the droplet on
the inclined surface, namely, the SAW streaming force Fs, the shear force F,, the droplet gravitational force mg, the
hysteresis resistance force Fr and the reaction force N from the substrate, as shown in Fig. 1(b).

The SAW streaming force is a body force, which can be written as [46]

F, =—p, Q+a?)*? AWk exp2(k X+ gk, 2) )

where ps is the liquid density, A is the SAW amplitude, w is the angular frequency, ki is the imaginary part of the leaky
SAW wave number and refers to effective radiation of SAW energy into the droplet. Here, a1 = -ja, o represents the
attenuation constant, a® = 1 — (vi/vr)?, where vi and v¢ are the leaky SAW velocity and sound velocity in the liquid respectively.
The direction of SAW streaming force is along the Rayleigh angle g, which can be expressed as

O, =sin(v, /v,) 3)

where vz is the sound velocity in the liquid, and vs is the SAW phase velocity in the substrate.
The shear force F, due to the rate of fluid strain formed along the contact line can be given by
dv
F = — 4
= A, (u dy J (4)
where Ay, is the droplet contact area, u is the droplet fluid viscosity, V is the fluid velocity, and y is the distance normal to
the contact surface.
The resistance force caused by the contact angle hysteresis during the droplet movement can be written as [48]

F. =kyL(cosé,,. —cosd,,,) (5)
The force balance of the droplet in the x-axis direction during the pumping process can be derived as
Fssing;, —F, —F, —mgsina =ma, (6)

From Eq. (6), we can see that the droplet motion along the inclined surface can be affected by the SAW streaming
force, the hysteresis resistance force, the droplet gravity and the surface inclination angle. As the input power is increased,
the SAW streaming force applied onto the droplet increases, resulting in the increase of the droplet motion speed. As the
inclination angle is increased (a < 90°), the gravity component along the inclined surface increases, thus causing the
decrease of droplet motion speed.

3. Experimental

AIN films of ~4.8 um thickness were deposited onto 4-inch silicon (100) substrates using DC magnetron sputtering process.
The details of the film deposition process have been described in the previous work [20, 21]. The crystal orientation of AIN
films was analyzed using X-ray diffraction (XRD, D5000, Siemens) with Cu-K, radiation (A = 1.5406 A). The cross-
sectional microstructures of the AIN films were characterized using a scanning electron microscope (SEM, Hitachi SU70,
Japan). Then the SAW devices were fabricated on AIN/Si substrates by patterning a 100 nm thickness Cr/Au film to form
the IDT electrodes. Each IDT was composed of 40 pairs of fingers, with a spatial periodicity of 64 um and an acoustic
aperture of 4.9 mm. The responses of the SAW device were measured using an RF network analyzer (Agilent E5071C).
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Fig. 2. The schematic of experimental setup for microfluidic tests.

Surface of the SAW device was coated with a layer of ~300 nm thick CYTOP (Asahi Glass Co., Tokyo, Japan) to
make the surface hydrophobic. A drop shape analyzer (Kruss DSA30S) was used to characterize the hysteresis resistance
force of the droplet motion through measuring the droplet advancing and receding angles. After the surface hydrophobic
treatment, the droplet contact angle was increased from 79.6° to 104.3° and the contact angle hysteresis (A9 = Gady - Orec)
was decreased from 59.6° to 11.2°. For microfluidic and acoustic heating tests, the SAW devices were placed on an
aluminum alloy holder to increase the heat dissipation. The RF signal was generated using a signal generator (Marconi
2024, Plainview, USA) and amplified by a power amplifier (Amplifier research, 75A250, Souderton, USA). The amplified
signal was then connected to a coupler before being fed into the SAW device, as shown in Fig. 2. The incident and reflected
powers of the SAW device were measured using two power meters connected to the coupler. Finally, the real input SAW
power was determined by the power difference between two power meters. The acoustofluidic behaviors were recorded
using a standard video camera. For SAW heating tests, the device temperature was measured using an infrared video camera
(ThermaCAM™ SC640), which has been calibrated according to the emissivity of object.

4. Results and discussion
4.1. Film and device characterization
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Fig. 3. (a) XRD pattern and SEM cross-sectional microstructure of AIN films and (b) signal characterization of AIN/Si SAW device.
Fig. 3(a) shows the characterization of AIN films. XRD results show that AIN films have a good c-axis (0002) crystal
orientation with the diffraction angle 26 of ~36°. SEM cross-section images of the AIN films reveal that the films have
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vertical columnar grains on the silicon substrate and the thickness of AIN films is about 4.8 um. The frequency response
of the SAW device is shown in Fig. 3(b). The device exhibits a resonant peak at the frequency of 80.35 MHz, corresponding
to the fundamental Rayleigh wave mode with a calculated wave velocity of about 5142.4 m/s. Moreover, the transmission
band at the resonance has a strong out-of-band rejection of ~40 dB, indicating a good performance of the SAW device.

4.2. Acoustofluidics along the inclined surfaces
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Fig. 4. (a) Water droplet (1 uL) pumping images along inclined surfaces with an input SAW power of 12 W, (b) droplet average pumping

velocities along different inclination angles under different input SAW powers, (¢) pumping velocities of the droplets with different

volumes on 30° inclined surface under different input SAW powers, and (d) the maximum droplet pumping volume under different

inclination angles, the insert shows the pumping images of the 3 pL droplet.

Fig. 4(a) shows droplet transportation/pumping images along inclined surfaces. When the droplet has a volume smaller
than 3 uL, they can be pumped on arbitrary inclined surfaces. Fig. 4(b) shows the average pumping velocities of the droplet
on different inclination angles under different input SAW powers. Results show that the pumping velocity is increased with
the input SAW power when the inclination angle is fixed. At the same input SAW power, the droplet pumping velocity is
decreased with the inclination angle increased from 0° to 90°, and reaches the minimum value at 90° inclination angle. As
the inclination angle is further increased from 90° to 180°, the droplet pumping velocity is increased. The results are in
good agreement with the theoretical analysis in Eq. (6).

Fig. 4(c) shows droplet volume effects on the pumping velocity at 30° inclination angle. The pumping velocity is

decreased with the droplet volumes increased from 0.5 pL to 8 pL at a constant input power. The components of the droplet
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gravity along the inclined surface per unit area are estimated to be 4.4, 4.9, 5.2, 5.6, 6, 6.2 uN/mm? for the droplets with
volumes of 0.2, 0.5, 1, 2, 5, 8 uL, respectively. Therefore, the SAW streaming force per unit area applied onto smaller
droplet exhibits a steeper slope for the curve of the pumping velocity [14]. In addition, the pumping velocity of the 0.2 pL
droplet is slightly lower than that of 0.5 pL droplet, probably due to surface microstructure of the CYTOP layer, which
causes a decreased contact angle and increased hysteresis resistance force at the volume of 0.2 pL [49].

Fig. 4(d) shows the maximum droplet volume which can be pumped under different inclination angles. When the
droplet was pumped on a flat surface, the maximum pumping volume was above 40 pL. As the inclination angle was
increased from 0° to 90°, the maximum pumping volume was decreased and reached the minimum value at 90° inclination
angle. As shown in the insert of Fig. 4(d), for the droplet with volume above 3 pL, when it was pumped up on the vertical
surface, the droplet would slide down from the surface. There was also a critical droplet volume on the inclined surface,
above which, the droplet began to slide down. As the inclination angle was further increased from 90° to 150°, the
maximum pumping volume was increased. When the droplet was pumped on an inverted surface, the adhesive force
between the surface and the droplet might play a dominant role because the droplet would drop down when it has a larger
volume [37].

0 ms 16.7 ms 33.3 ms 50 ms
(a)
N A A A
(b)

A A r ”~
o) A e

(d) [

s A - -1\

Fig. 5. Droplet (2 uL) pumping and jetting images driven by propagating waves (from left to right) under different input SAW powers
() 27 W, (b) 32 W, (c) 38 W, (d) 44 W.

When the input SAW power was increased to dozens of watts, the water droplet began to jump rather than move on
the surface, as shown in Fig. 5(b). At an input power of 32 W, due to lesser SAW energy dissipating into the droplet, the
droplet could only be lifted up to a few millimeters before it dropped down to the device surface. With the further increased
input SAW powers to 38 W and 44 W, much more SAW energy was dissipated into the droplet, resulting in liquid beam
formation and ejection from the device surface, as shown in Fig. 5(c) and (d).

Fig. 6 shows jetting images for different volume droplets driven by the propagating waves at an input power of 44 W.
When the droplet has a size smaller than 1 pL, if a higher RF power was applied to the IDTs, the droplet would break up
into small droplets with size in the range of a few fL to pL, and then were lifted up from the device surface, as shown in
Fig. 6(a-c). When the droplet has a larger size (above 2 uL), the jetting shape of the droplet tended to form a cylindrical
liquid beam, as shown in Fig. 6(d-f). Besides, as the droplet volume was increased, the liquid at the front of ejected beam
was bent down due to the gravity effect. Moreover, the maximum jetting angles are varied around 72.4° for droplets with
volumes ranging from 0.2 to 10 uL. The complementary angles of the jetting angles are close to the Rayleigh angle of the
AIN/Si SAW device, which can be calculated using Snell’s law and is about 17°.



Fig. 6. Jetting images of water droplets with different volumes (a) 0.2 uL, (b) 0.5 uL, (c) 1 pL, (d) 2 pL, (e) 5 uL and (f) 10 uL, driven
by propagating waves with an input SAW power of 44 W.

The propagating wave jetting of the droplet (1 pL) on the inclined surfaces with inclination angles from 0° to 180°
was also investigated, and the results are shown in Fig. 7. The maximum jetting angles of the droplet under different
inclination angles are varied slightly around 72.5°, following the Rayleigh angle of the AIN/Si SAW device. Therefore,
when the droplet has a smaller size, the influences of surface inclination angle on the droplet propagating wave jetting
angles are negligible.

Fig. 7. Water droplet jetting images along inclined surfaces driven by propagating waves with an input SAW power of 38 W.

For standing wave jetting, a power divider was connected to the output of the coupler to generate two same RF signals.
Hence, the real power for each of the IDT is half of the total input SAW power. Fig. 8(a) shows high-speed jetting images
of the 5uL water droplet excited by standing waves under different input SAW powers. Results show that when a lower
RF total power (below 48 W) was applied to the SAW device, the droplet was difficult to eject from the device surface and
only the significant vibration and jumping of the droplet were observed. When a higher RF total power (above 60 W) was
applied to the SAW device, the cylindrical liquid beam was formed and ejected vertically from the device surface. Fig. 8(b)
shows the captured jetting images of water droplets with different volumes under different input SAW powers, and the
results reveal that the larger the droplet volume, the more difficult the ejection of the droplet. Moreover, the maximum
jetting height of the droplet was increased with the input SAW power or decreased droplet volume, as shown in Fig. 8(c).
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Fig. 8. (a) High-speed jetting images of the 5 puL. water droplet excited by standing waves at input powers of 48W, 54 W and 62 W, (b)

the captured jetting images for different volume droplets under different input SAW powers, and (c) the maximum jetting height for

different volume droplets under different input SAW powers.

We also investigated the droplet jetting along inclined surfaces with inclination angles from 0° to 90° agitated using
standing waves, as shown in Fig. 9. After an RF power of 54 W was applied to both IDTs of the SAW device, the acoustic
streaming forces from two sides pushed the droplet upwards, forming a vertical cylindrical liquid beam and consequently
the liquid beam was ejected from the device surface. For 1 puL droplet, the jetting angles under different inclination angles
were nearly vertical to the device surface. The jetting angles of the 2 pL droplet on the flat and inclined surfaces were also
perpendicular to the device surface, but the liquid beam on the inclined surface was tended to bend downwards at the tip
of the elongated beam due to the gravity effect.
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Fig. 9. Water droplet jetting images along inclined surfaces with inclination angles from 0° to 90° driven by standing waves with an
input SAW power of 54 W.
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Fig. 10. (a) Summary of microfluidic power boundaries under different inclination angles and (b) power boundaries for different volume

droplets at the inclination angle of 30°.

Fig. 10(a) summarizes microfluidic power boundaries for 1 pL droplet under different inclination angles. For AIN/Si
SAW devices, acoustic streaming occurs at a lower RF power of a few mW. The threshold power to pump the droplet is
about a few watts. As the inclination angle is increased from 0° to 90°, the threshold pumping power is increased and
reaches its maximum value (10.5 W) at the inclination angle of 90°. The threshold pumping power is decreased with
inclination angles increased from 90° to 180°. Higher RF power will result in the ejection of the droplet from the device
surface and the minimum threshold jetting power (30 W) for 1 uL droplet occurs at the inclination angle of 180°. The
power boundary values are comparable to those reported in previous studies [20, 21]. Fig. 10(b) shows power boundary
values for different volume droplets at the inclination angle of 30°. As the droplet volume is increased from 0.5 pL to 5 pL,
the threshold pumping power is increased. In addition, the jetting is slightly difficult for 0.2 uL droplet, probably due to
smaller contact area between the device surface and the droplet, which could not provide enough concentrated SAW
streaming force to eject the droplet.

4.3. Microfluidic performance comparisons between AIN/Si and ZnO/Si SAWSs

A direct comparison of microfluidic performances between AIN/Si SAWs and ZnO/Si SAWSs is difficult, as it is hard
to obtain two types of films with identical properties. In order to compare their microfluidic performances as reasonable as
possible, we fabricated a ZnO/Si SAW device with the same electrode configurations (wavelength, aperture and finger
pairs) and almost same piezoelectric layer thickness (5 um) as those of the AIN/Si SAW device. Tablel summarizes
parameters and microfluidic performances between AIN/Si and ZnO/Si SAWSs. We can see that ZnO/Si SAWSs achieve
lower threshold powers than those of AIN/Si SAWSs. There are several factors which can cause this phenomenon.

Table 1. Comparisons of parameters and microfluidic performances between AIN/Si and ZnO/Si SAW devices.

Materials ZnOJSi AIN/SI
Wavelength (um) 64 64
Piezoelectric film thickness (um) 5 4.8
Resonant Frequency (MHz) 65.92 80.35
Electromechanical coupling coefficient k? (%) 1.06 0.25
Rayleigh angle (deg.) 20.8 16.9
SAW attenuation length (um) 1013 717
Threshold pumping power (W) 3 8.5
Threshold jetting power (W) 12 33




Firstly, the electromechanical coupling coefficient k? of ZnO/Si SAW device is larger than that of AIN/Si SAW device,
which means that when the same RF power is applied to the IDTs, ZnO/Si SAW device has a larger amplitude, thus
generating larger SAW streaming force.

Secondly, the Rayleigh angle of ZnO/Si SAW device is larger than that of AIN/Si SAW device. The direction of SAW
streaming force is following the Rayleigh angle. When the same SAW streaming force is applied onto the droplet, the
larger the Rayleigh angle, the larger the component of acoustic streaming force along the surface. Fig. 11 shows the droplet
deformation on 30° inclined surface driven by AIN/Si SAWSs and ZnO/Si SAWSs under their threshold pumping powers,
respectively. The droplet lateral deformation along the inclined surface induced by ZnO/Si SAWs is slightly larger than
that by AIN/Si SAWs due to their larger Rayleigh angles.

AIN/Si ZnO/Si

L

Fig. 11. The droplet deformation on 30° inclined surface driven by AIN/Si and ZnO/Si SAWs under their threshold pumping powers.

Thirdly, as ZnO films have lower acoustic velocity (~2700 m/s), the SAW attenuation length in liquid for ZnO film
SAWs is larger than that for AIN film SAWSs. The SAW attenuation length in liquids Lsaw can be estimated using [50]
PV A
Low =—— (7)
PtV
where ps is the substrate density, vs is the SAW velocity in the substrate, 4 is the device wavelength, pr is the liquid density,
and vz is the sound velocity in the liquid. The SAW attenuation length reflects the interaction distance between the SAW
and the droplet, a shorter SAW attenuation length will result in quicker dissipation of acoustic energy near the interaction
point and consequently causes lesser energy dissipating into the droplet. Hence, for the same size droplet, the acting area
of the SAW streaming force for ZnO/Si SAWs is larger than that for AIN/Si SAWS, and then resulting in lower threshold
powers.

4.4. Acoustic heating performance comparisons between AIN/Si and ZnO/Si SAWs

When an RF power is applied to the IDTs, apart from the generated SAWSs, there is also an acoustic heating effect.
Recently, SAW heating effects have been used for microfluidic heating in lab-on-a-chip systems [51, 52]. However, most
SAW heating devices are made on LiNbOs3 substrates, which are easily broken at a large thermal/electrical shock due to
the brittle nature of the ceramic material. As opposed to LiNbOs-based SAW devices, the cracking was seldomly observed
in thin film SAW devices even they were driven at a high power of 60~70 W for a few minutes. The device breakdown is
mainly from the damage of the contact pad or busbars of the IDTs when a high power is fed into the SAW device in an
instant, which can be improved by increasing the size of the contact pad and width of busbars. Therefore, thin film SAWs
have great potential for microfluidic heating applications.

Fig. 12(a) and (b) show acoustic heating performance comparisons between AIN/Si and ZnO/Si SAW devices. Results
show that at the same input power, AIN/Si SAWSs have higher surface temperature and quicker temperature response than
those of ZnO/Si SAWSs due to their lower electromechanical coupling coefficients and resulting in more applied powers
transforming into the heat. Hence, AIN/Si SAWs have better acoustic heating performances than ZnO/Si SAWSs. Besides,

as shown in Fig. 12(c) and (d), the device heating temperatures can be digitally controlled by the input power and the SAW
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heating shows good temperature stability and repeatability. Furthermore, in comparison with LiNbO3 and ZnO films, AIN
films have higher breakdown voltage and tolerating temperature (up to 700°C in air), therefore AIN film SAWSs are ideally

suitable for microfluidic heating applications.
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Fig. 12. (a) Surface temperatures for both AIN/Si and ZnO/Si SAW devices at the same point as a function of time with the same input
power of 27 W, (b) surface temperatures of the SAW devices under different input SAW powers, the insert shows the heating image of
the AIN/Si SAW device, (c) surface temperature changes of the AIN/Si SAW device under different power cycles, and (d) temperature
stability and repeatability of the acoustic heating for AIN/Si SAW device.

The excessive SAW heating may have a negative effect on biological cells, thus limiting their use in certain biological
applications. However, most biological applications using SAW technologies such as cell agglomeration, cellular spheroid
assembly and enhancement of cell membrane penetrability are based on SAW streaming effect [53-55], which often occur
at a lower power below 1 W, thereby resulting in an insignificant acoustic heating effect. Whereas, for some other
applications such as the acceleration of biochemical reactions and polymerase chain reactions (PCRs) [52], AIN/Si SAW
device will be a good choice. Therefore, AIN/Si SAW devices can be used for both actuators and acoustic heaters to achieve
potential lab-on-a-chip applications.

5. Conclusions

AIN film-based SAW device was fabricated and characterized for acoustofluidic applications. Various microfluidic
functions including transportation/pumping and jetting along inclined surfaces have been investigated. With the increased
input SAW power or decreased droplet volume, the droplet pumping velocity is increased. A lower droplet pumping

velocity and higher threshold pumping power were observed at 90° inclined surface due to the gravity effect. When the
11



droplet volume is small, for one-port propagating wave jetting, the jetting angles on the flat and inclined surfaces follow
the Rayleigh angle. Whereas, for two-port standing wave jetting, the jetting angles on different inclined surfaces are vertical
to the device surface and the maximum jetting height is increased with the input power or decreased droplet volume.
Moreover, microfluidic and acoustic heating performances of the AIN/Si SAW device are further studied and compared
with those of ZnO/Si SAW device with the same electrode configurations. Results show that ZnO/Si SAW device presents
lower threshold powers, but AIN/Si SAW device has a more significant acoustic heating performance. Therefore, AIN film
SAWSs can not only be used for an actuator but also be used for a good acoustic heater to achieve potential lab-on-a-chip
applications.
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