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ABSTRACT: Surface acoustic wave (SAW)-based acoustofluidic devices have shown i BN ek

broad applications in microfluidic actuation and particle/cell manipulation. Conventional \Q\ \Q\
SAW acoustofluidic device fabrication generally includes photolithography and lift-off g ] ~
processes and thus requires accessing cleanroom facilities and expensive lithography seettol osomuctic Mot 5 /
equipment.. .In this. paper, we report a fe_mtosecopq laser direct vs_zriting mask method for N R /‘Q\ ¢
acoustofluidic device preparation. By micromachining of steel foil to form the mask and \"\?\3 - \@}
direct evaporation of metal on the piezoelectric substrate using the mask, the interdigital ¥ ‘

transducer (IDT) electrodes of the SAW device are generated. The minimum spatial
periodicity of the IDT finger is about 200 ym, and the preparation for LINbO; and ZnO
thin films and flexible PVDF SAW devices is verified. Meanwhile, we have demonstrated
various microfluidic functions, including streaming, concentration, pumping, jumping,
jetting, nebulization, and particle alignment using the fabricated acoustofluidic (ZnO/Al
plate, LiNbO;) devices. Compared to the traditional manufacturing process, the proposed
method omits spin coating, drying, lithography, developing, and lift-off processes and thus has advantages of simple, convenient, low
cost, and environment friendliness.

1. INTRODUCTION high-frequency SAW devices above GHz.””*° However, they
also involve the following steps done in cleanroom: spin-
coating, heating, lithography, developing, evaporation, lift-off,
and so forth. These manufacturing processes not only require
an expensive lithography machine and a clean environment but

Efficient actuation of fluids and dexterous handling of micro-
objects on the micro-/nanoscale are critical to microfluidic lab-
on-a-chip systems.' > Applications of surface acoustic waves
(SAWs) in microfluidic platforms (often called as acousto-

fluidics) have recently gained great interest for manipulating also %rggluce a large amount of chemical waste liquid to deal
fluids, microparticles/cells, in either a digital form (sessile with.””"* What is more, large amounts of used chemicals and
droplet) or a continuous flow (inside a channel/chamber).*”* other consumables are also the cost-effectiveness of manu-
These acoustofluidic devices have shown remarkable potential facturing. However, for most SAW acoustofluidic devices, they
in mixing,”'’ pumping,'' jetting,'”"> and atomizing'*'> of often operate at a low frequency (about 10—20 MHz),*~*°
fluids on the microscale and applications in the fields of with a large wavelength up to hundreds of micrometers, as a
biomedicine and chemistry for non-invasive and contactless large wavelength or low frequency can improve the SAW
manipulation, with low cost, good biocompatibilitg, and penetration depth in fluids,>"*® thereby enhancing the driving
conserved cell viability and proliferation CélpélCi'E}’-m_2 SAW efficiency. Therefore, the machining accuracy requirement for
acoustofluidic devices are generally fabricated by pattering SAW acoustofluidic devices is not high. Recently, some
IDTs on a piezoelectric substrate such as a LiNbO; or a alternative techniques for making IDT electrodes of SAW
piezoelectric film on a silicon or Al plate substrate,” ™" which acoustofluidic devices have been reported. Rezk et al. reported
converts the radio frequency (RF) signal into SAWs a stacking aluminum foil strip onto the LiNbO; substrate

propagating along the surface of the substrate. When the
SAW meets a liquid medium, it changes the wave mode to a
leaky SAW and dissipates acoustic energy into liquid through
viscous damping,”*** inducing acoustic streaming in fluids and -
imparting an acoustic radiation force to the suspended Received: November 28, 2022
particles/cells in liquids.**~>* Accepted:  February 3, 2023
To obtain IDT electrodes, conventional SAW devices are Published: February 14, 2023

generally manufactured through photolithography and lift-off

processes. These methods can provide a high machining

precision to the nanometer scale and make it easy to fabricate

method for acoustofluidic device fabrication.”” However, the
size of aluminum foil strips reaches several millimeters, and the
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Figure 1. Schematic of the experimental setup for femtosecond laser micromachining of the steel foil-based IDT mask.
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Figure 2. Fabrication processes for IDT electrodes of the SAW acoustofluidic device using the femtosecond laser direct writing mask method.

excited acoustic wave is Lamb wave with the frequency of MHz
order. IDTs have also been created by pouring a low-melting
point metal into an IDT mold made by the PDMS.** However,
the electrode channel fabrication requires the lithography
process, and the device may be invalid in a high-temperature
environment. A more accurate manufacturing technique was
achieved by clamping a printed circuit board (PCB) with an
IDT electrode pattern onto a LiNbO; substrate to make
acoustofluidic devices.*”*"** However, the contact between
the IDT electrodes and the substrate may be a problem,
thereby achieving a lower electromechanical coupling
efficiency. Therefore, there is an increasing demand for a
low-cost, convenient, reliable, and experimental friendly
method for acoustofluidic device preparation.

Femtosecond laser micromachining technologies have been
demonstrated as a promising solution for high-precision and
flexible fabrication of planar or three-dimensional (3D)
microstructures, such as optical waveguides,43 microfluidic
chips,44 microchannels,® and microelectrode arrays.46 In
comparison with picosecond and nanosecond lasers, the
femtosecond laser has a higher peak power, thereby
significantly reducing the edge heat-affected zone and the
kerf width and improving the machining precision. In addition,
the programmable 3D processing capability, high spatial
resolution, and smaller thermal ablation make the femtosecond
laser a promising enabler for low-cost, high-precision, and
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personalized micromachining of a thin-film IDT mask.*’~*
When the metal film is evaporated on a piezoelectric substrate
using the IDT mask, the IDT electrode is then generated.
Compared to conventional photolithography and lift-off
processes, the manufacturing process can be significantly
simplified and avoids the use of the expensive photoresist,
chemical waste disposal, and the requirement for cleanroom
facilities. Moreover, as the preparation process omits the
drying for the photoresist (generally >100 °C), it is more
suitable for the fabrication of IDT electrodes on the
piezoelectric substrate that is not heat-resisting. However,
whether the fabricated SAW device can meet the requirement
for acoustofluidic functions needs to be further investigated.
In this paper, we report a femtosecond laser direct writing
mask method for IDT electrode preparation of SAW devices
and investigate their acoustofluidic functions. We have
achieved a minimum spatial periodicity of ~200 pm for the
IDT mask (an electrode width of ~50 ym), and the fabrication
for LiNbO; and ZnO thin films and PVDF SAW devices is
verified. Moreover, various microfluidic functions, including
streaming, concentration, pumping, jumping, jetting, nebu-
lization, and particle arrangement, have been demonstrated
using the fabricated SAW devices. The proposed method has
the advantages of low cost, simplicity, and environment
friendliness. Furthermore, as the steel foil mask is of low
cost, flexible, and reusable, it can be further used to prepare the
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Figure 3. Schematic of the experimental setup for the microfluidic actuation experiment. Here, Fj is the SAW driving force and 6y is the Rayleigh

angle.

Figure 4. Optical images of the IDT masks with wavelengths of (a) 400, (b) 300, and (c) 200 ym. Optical images of the SAW devices fabricated on
the (d) LiNbOj substrate (500 ym thick) and (e) PVDF substrate (200 gm thick). All scale bars are 1 mm.

metal pattern on the curved surface and extends the
applications to flexible electronics and industrial production.

2. EXPERIMENTAL SECTION

2.1. IDT Mask Micromachining. The schematic of a
femtosecond laser micromachining system for IDT mask
preparation is shown in Figure 1. A diode-pumped ultrafast
fiber femtosecond laser (Amplitude) delivering a central
wavelength of 1030 nm, a pulse duration of 130 fs, and a
beam diameter of 3 mm (at e™2) was used. Then, the laser
beam diameter was expanded to 9 mm by a beam expander.
Finally, the expanded laser beam was focused onto the steel foil
with a thickness of 10 ym through a lens (focal length f = 20
mm). The steel foil was put on a three-dimensional moving
platform to realize IDT pattern micromachining. In addition, a
CCD camera was used for real-time observation of the
machining process. The laser machining power can be adjusted
by the pulse repetition rate and a neutral density (ND)
attenuator. During the micromachining process, the repetition
rate of the femtosecond laser is set as 2 kHz, with a power of
80—100 mW, and the scanning speed of the moving platform is
about 0.25—0.35 mm/s. When the cutting speed is set as 0.3
mm/s, the fabrication time for an IDT (20 pairs of fingers and
an acoustic aperture of S mm) is about 30 min.

2.2. SAW Device Fabrication. Figure 2 shows the
fabrication processes for IDT electrodes of the SAW device.
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First, the IDT mask was generated using femtosecond laser
micromachining of the commercially available steel foil with a
thickness of 10 gm. Then, the IDT mask was fixed onto the
piezoelectric substrate using conductive tapes. For the LiNbO;
piezoelectric substrate, the IDT mask needs to be aligned due
to its anisotropic piezoelectric property. After that, the bonded
IDT mask and the piezoelectric substrate were put into a high-
vacuum evaporation coating system to form the metal film [Cr
(5 nm)/Au (100 nm)]. Finally, the IDT electrodes were
generated by removing the mask from the surface of the
piezoelectric substrate.

2.3. Acoustofluidic Testing. The schematic of the
experimental setup for the microfluidic test is shown in Figure
3. The RF signal was generated using a signal generator
(RIGOL, DG4162) and amplified by a power amplifier
(Aigtek, ATA-1222A); then, the amplified signal was fed into
the IDT of the SAW device for microfluidic actuation or
particle manipulation. The input SAW power was measured
using a RF power meter (DIAMOND, $X200). To reduce the
motion resistance of the droplet, the surface of the SAW device
was treated with a layer of ~200 nm-thick fluoropolymer
coating (CYTOP, Asahi Glass Co., Tokyo, Japan) and heated
to 120 °C for 10 min to make the surface hydrophobic,
whereas for the nebulization test, the surface needed to be
treated as hydrophilic. For the particle arrangement experi-
ment, a PDMS chamber fabricated by the soft photo-
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Figure S. Signal transmission and reflection spectra for the (a) LINbO; SAW device, (b) ZnO/Al plate SAW device, and (c) PVDF SAW device.
(d) Resonant frequency changes as a function of temperature for different substrate SAW devices.

lithografhy process was bonded onto the SAW device
surface.”” The suspended polystyrene microspheres with a
diameter of 10 ym were used for the particle arrangement
experiment in liquid. Meanwhile, a high-speed video camera
(NPX-GS130UM, 200 frames/s) was used to observe
acoustofluidic behaviors.

3. RESULTS AND DISCUSSION

3.1. Device Characterization. Figure 4a—c shows the
fabricated steel foil-based IDT mask with wavelengths of 200—
400 um using the femtosecond laser micromachining method.
As the steel foil substrate is flexible, the minimum spatial
periodicity of the IDT finger is about 200 ym; otherwise, the
cut IDT electrode will be difficult to remove from the steel foil
substrate. In addition, although a smaller focal length objective
lens can decrease the kerf width and improve the machining
resolution, the thermal deformation of the steel foil substrate
during the machining will result in defocus of the light spot
and thus causes incomplete cutting of the substrate for a
smaller Rayleigh length of the objective lens. A thicker steel foil
substrate can weaken the thermal deformation effect, whereas
it needs multiple cutting of steel foil, thereby reducing the
machining precision. The edge burr of the IDT mask is below
1 um, meeting the requirement for acoustofluidic device
preparation. Figure 4d,e shows the fabricated SAW device on
the LiNbO; and PVDF substrate, indicating that the proposed
method is suitable for the preparation of various piezoelectric
substrate-based SAW devices.

The resonant characteristics of the fabricated SAW devices
were then characterized using a network analyzer (Agilent
ES061B), with reflection and transmission spectra shown in
Figure Sa—c. Here, the wavelength of the LiNbO; and PVDF
SAW devices is 400 pm, and the wavelength of the ZnO/Al
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plate (1.5 mm thick) SAW device is 300 um. The LiNbO,
SAW device shows an apparent resonant peak at ~9.75S MHz
(Rayleigh mode), corresponding to an acoustic wave speed of
~3900 m/s, which coincides with the results reported in
previous studies.’”*" For the ZnO thin-film (5 gm)-based Al
plate (1.5 mm-thick) SAW device, the acoustic speed of the
ZnO film (2700 m/s) is smaller than that of the Al substrate
(~2900 m/s), thus generating both the Rayleigh mode and the
Sezawa mode,” corresponding to resonant frequencies of 9.45
and 18.7 MHz, respectively. The Rayleigh wave speed of the
ZnO/Al substrate (2835 m/s) is nearly the same as that of the
Al plate, due to which the SAW device wavelength (300 ym) is
much larger than the thickness (S ym) of the ZnO film, which
results in more acoustic waves propagating in the Al plate
substrate. For the PVDF SAW device, only a weak reflection
peak (corresponding to the A0 mode with a resonant
frequency of 4.33 MHz) was observed, and there is no
apparent transmission due to significant acoustic energy
dissipation into PVDF the substrate. Therefore, the PVDEF-
based SAW device is not suitable for acoustofluidic
applications. Figure 5d shows resonant frequency changes of
the SAW devices as a function of temperature. The measured
temperature coefficient of frequency (TCF) for LINbO;, ZnO/
Al plate, and PVDF SAW devices is —82, —262, and —3760
ppm/K, respectively. Although the PVDF-based SAW device
presents a higher TCF, the piezoelectric property of PVDF is
weakened at a temperature above 100 °C and thus is not
suitable for high-temperature sensing applications, whereas for
the ZnO/Al plate SAW device, ZnO can maintain a good
piezoelectric property up to 400 °C>° and therefore can be
used as a high-temperature sensor, such as a temperature-based
gas flow rate sensor.”!
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Figure 6. (a) Acoustic streaming pattern when the liquid droplet with suspended particles is placed in the center of the acoustic aperture and (b)
acoustic concentration of particles when the liquid droplet with suspended particles is positioned off the central line of the acoustic aperture. Liquid
droplet (c) pumping, (d) jumping, (e) jetting, and (f) nebulization using the LINbO; SAW device with an applied power of 0.6, 1.2, 1.6, and 2.5 W,
respectively. Liquid droplet (g) pumping, (h) jumping, and (i) jetting using the ZnO/Al plate SAW device with an applied power of 1.5, 8, and 14
W, respectively. (j) Particle arrangement in a PDMS microchamber using the LINbO; SAW device. All scale bars are 1 mm.

3.2. Demonstration of Acoustofluidic Functions.
Then, we further investigated acoustofluidic functions using
the fabricated LiNbO; and ZnO/Al plate SAW devices. When
a liquid droplet is located on the SAW propagation path, the
SAW interacts with the liquid and the acoustic energy couples
into the liquid, inducing the acoustic streaming pattern.’’
These patterns can be observed if microscale particles are
dispersed into the liquid. Figure 6a,b demonstrates acoustic
streaming and particle concentration phenomena in the liquid
droplet using the fabricated ZnO/Al plate SAW device. When
a liquid droplet with suspended particles was placed in the
center of the acoustic aperture of the SAW device, a typical
butterfly pattern with a double vortex was generated after
applying an RF power of 0.1 W, whereas particle concentration
phenomena would be observed if a liquid droplet with
suspended particles was positioned off the central line of the
acoustic aperture due to the asymmetric acoustic streaming
force and its causing vortex flow.

With the increase of applied power, the liquid droplet
pumping, jumping, and jetting were then achieved using the
fabricated LiNbO; and ZnO/Al plate SAW device, respec-
tively, as shown in Figure 6c—e,g—i. The droplet lateral
deformation and jetting angle driven by the LiNbO; SAW
device are smaller than those of the ZnO/Al plate SAW device,
due to which the acoustic speed of the LiNbO; substrate
(3900 m/s) is larger than that of the ZnO/Al plate substrate
(~2800 m/s), which generates a smaller Rayleigh angle (6 =
sin™! (Cp/Cs), where Cg is the sound speed in the liquid and
Cs is the SAW propagation speed in the substrate). As the
SAW driving force direction is along the Rayleigh angle, a
smaller Rayleigh angle will result in a smaller lateral
deformation and jetting angle of the droplet. The measured
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droplet jetting angle for LiNbO; and ZnO/Al plate SAW
devices is 14.8 and 31.5° respectively, nearly along the
Rayleigh angle of the SAW device (~21° for the LINbO; SAW
device and ~31° for the ZnO/Al plate SAW device), which are
in good agreements with the previous study.'” When the input
SAW power is further increased and the device surface is
hydrophobic, liquid nebulization using the LiNbO; SAW
device was then observed, as shown in Figure 6f. Moreover, as
shown in Figure 6j, we have also achieved particle linear
alignment in the PDMS microchamber (2 mm X 3 mm) using
the LiNbO; SAW device with a wavelength of 400 um,
demonstrating the acoustic tweezer function. The distance
between adjacent traces is about 200 ym, corresponding to the
half-wavelength (Agaw/2) of the SAW device, which is
consistent with the previous study.”®

4. CONCLUSIONS

In summary, a femtosecond laser direct writing mask method
has been proposed for acoustofluidic device preparation. The
IDT electrodes of SAW acoustofluidic devices are fabricated by
direct evaporation of a metal film on the piezoelectric substrate
using the steel foil-based IDT mask with a thickness of 10 pm.
The preparation of the SAW device on the LiNbO; substrate,
the ZnO thin-film on the Al plate substrate, and the PVDF
substrate has been verified with a minimum IDT finger width
of 50 ym (wavelength 200 ym), and the resonant character-
istics and TCF of these devices were characterized. Based on
the fabricated LiNbO; and ZnO/Al plate SAW devices, we
have demonstrated various microfluidic functions, including
streaming, concentration, pumping, jumping, jetting, nebu-
lization, and particle alignment, indicating a good acousto-
fluidic function using these fabricated devices. In comparison
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with conventional photolithography and lift-off manufacturing
processes, the proposed method has advantages of simplicity,
low cost, suitability for customization, and environment
friendliness.
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