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Abstract— A novel Lamb wave resonator with fully suppressed
acoustic radiation in water is proposed for high-resolution mass-
sensitive detection of biomolecules. The elimination of acoustic
radiation is achieved by slowing down the Lamb wave to a velocity
lower than the sound speed in water. This enables high-quality-
factor resonance in water and reduces the sensing frequency noise.
High aspect ratio electrodes (HAREs) are used to slow down the
Lamb wave. The elastic resonance and large surface area of the
HARESs can also enhance the mass sensitivity of the device. The
improved mass sensitivity together with the low frequency noise
substantially improves the overall sensing resolution. Although
reducing the plate thickness can also slow down the Lamb wave,
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it makes the device very fragile and not practical to use. In contrast, slowing down the Lamb wave by increasing electrode
height allows the use of thick plates which is robust. In this paper, the behavior and performance of the proposed
high aspect ratio electrode Lamb wave resonator (HARE-LWR) are theoretically analyzed using finite element method
simulations. Optimum design parameters were found through the simulations. Reported results show that a significant
figure of merit improvement was achieved by the proposed HARE-LWR design.

Index Terms— Acoustic resonators, Biosensors, Lamb wave, Ultrasonic transducers

[. INTRODUCTION

HE in-situ detection of biomolecules is important in

applications such as disease diagnosis and food secu-
rity analysis [1]-[3]. A key requirement in achieving in-
situ biosensing is to miniaturize the sensor while keeping
a good sensitivity. Among various transduction techniques,
mass-sensitive acoustic biosensors are popular because of
their small size, fast response and high sensitivity [4], [5].
Quartz crystal microbalance (QCM) [6]-[10], film bulk acous-
tic wave resonators (FBAR) [11]-[13] and surface acoustic
wave (SAW) [14]-[16] sensors are the three main types
of acoustic biosensors that have been extensively studied.
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Despite its relatively low sensitivity, QCM is the most popular
mass-sensitive biosensor due to its simplicity and low-cost.
It has become a reference tool for label-free detection of
biomolecules [17]. Shear mode FBAR biosensor shares the
same principle as QCM but works at a much higher frequency
due to its small film thickness. The high operating frequency
significantly improves its mass sensitivity. However, it is more
costly than QCM due to its more complex fabrication process.
SAW is reported to be the most sensitive acoustic sensor in gas
sensing [18], [19]. This is because SAW is very sensitive to the
surface changes as the energy is mostly confined around the
surface. Nevertheless, applying SAW in biosensing is difficult
due to the strong acoustic radiation in water. Shear horizontal
SAW (SH-SAW) and love SAW sensors were developed to
reduce the acoustic radiation and thus enable operation in
water [20]. Both sensors rely on the principle that particle
movement of shear-waves are parallel to the water interface
and thus less energy is transferred to water compared to
longitudinal waves. In fact, QCM and FBAR also suffer from
acoustic radiation in water. They mitigate the problem also by
making the device work in shear wave mode. Although the
shear wave can reduce acoustic radiation, the corresponding
resonance quality factors are still significantly lower in water
compared to the ones in air.

One potential way to fully suppress the acoustic radiation in
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water is to reduce the acoustic wave velocity to a value below
the radiation limit, which is the sound speed of water. This
idea was exploited in Lamb wave biosensors with very thin
plates [21]-[24]. It was found that reducing the plate thickness
can reduce the velocity of antisymmetric Lamb wave and thus
suppress the acoustic radiation. However, to fully suppress the
radiation, the plate thickness needs to be a few percents of the
wavelength, which makes the device very fragile especially
when working in water. Due to this reason, the thin plate
Lamb wave biosensor has rarely been further studied. Besides
the plate thickness reduction method in Lamb wave based
sensors, increasing the electrode height was also reported to
be effective in reducing the velocity of Rayleigh SAW in air
[25]. By applying the latter method to Lamb wave, we found
that Lamb wave can also be slowed down by increasing the
electrode height in both air and liquid environment. If the
electrode is thick enough, the velocity of the Lamb wave
can be reduced to below the sound velocity of water for
which the acoustic radiation is fully suppressed. Because this
method can be implemented with thick plates, it makes the
device much more robust than the thin plate Lamb wave
resonator, enabling broad practical applications of the device.
In this paper, we analyzed the behavior and performance of the
proposed biosensor based on high aspect ratio electrode Lamb
wave resonator (HARE-LWR) through finite element method
(FEM) simulations. The results aim to serve as a fundamental
design reference for future experimental implementations.

The rest part of this paper is organised as follow. The
conventional approach for slowing down Lamb wave through
reducing the plate thickness is firstly discussed in Section II.
The design of the HARE-LWR is then introduced to overcome
the reliability problem of the plate thickness reduction method.
In section III, the performance of the HARE-LWRs under
different plate thickness, electrode height and electrode ma-
terial configurations is analysed and compared by their mass
sensitivity, resonance quality factor, ectromechanical coupling
factor and figure of merit.

[I. DEVICE DESIGN AND ANALYSIS FOR SLOW LAMB
WAVE

HARE-LWR achieves the reduced phase velocity by in-
creasing the electrode height. In comparison, the phase ve-
locity of an conventional antisymmetric mode (Ap) Lamb
wave resonator is reduced by decreasing its plate thickness
[21]. These two devices can both achieve in-liquid operation
once their phase velocity is lower than the sound velocity of
water. In this section, the difference between the slowing down
effects of the HARE-LWR and the conventional lamb wave
resonator are studied by FEM simulation.

A. FEM modeling parameters

Fig. 1 shows the FEM simulation unit cells of the conven-
tional lamb wave resonator and the HARE-LWR. The widths
of both unit cells are set to one wavelength (\) with periodic
conditions applied to the two sides of the unit cells. The
periodic conditions are equivalently repeating the unit cells in
the propagating direction, making the number of interdigitated
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Fig. 1. FEM simulation unit cell (cross-section) of (a) the conventional
Lamb wave resonator and (b) the HARE-LWR.

transducer (IDT) pairs infinite. The actual FEM simulation is
performed with 3D models. The depths of the 3D models are
set to 0.2\ with periodic boundary conditions applied to the
front and back sides, which equivalently extends the model
depths (acoustic aperture) to infinity. The wavelengths of both
resonators are set to 10 pm. This value is chosen because
it is a frequently used dimension for microfabrication with
the classic photolithography method. In fact, the selection of
simulation dimension does not affect the final conclusion as all
the numerical calculations are scalable. On top of the devices
operation environment, which is water or air. The depth of the
environment is set to 4\ for both devices with the top 1\ set
to perfectly matched layer (PML). The PML adsorbs all the
acoustic wave propagates into it, which is equivalent to extend
the depth of the environment to infinity.

The conventional lamb wave resonator (Fig. 1a) is made of
an aluminum nitride (AIN) plate with 200-nm-thick aluminum
IDTs on top. One of the IDT finger is set to 1 volt amplitude
AC electrical potential while the other is set to ground to form
the electrical stimulation. The width and separation of the IDT
electrodes are both half wavelength. The thickness of the AIN
plate ({p4te) is set as the sweeping parameter in the simulation
to study the slowing down effect. The HARE-LWR (Fig. 1b)
is made of 1-um AIN nitride film with 1-pm or 3-um silicon
dioxide (SiO,) supporting layer underneath it. High aspect
ratio IDTs were placed on top of the AIN for generating the
hybridized slow wave. The electrical stimulation, IDT width
and separation are set the same as the conventional lamb
wave resonator in Fig. 1a. The height of the high aspect ratio
electrode (HARE) is set as sweeping parameter to study the
slowing down effect. The material of the metal electrodes
is changed among nickel (Ni), gold (Au), copper (Cu) and
platinum (Pt) to study the relevant impact on the device
performance.

Multiple physics are involved in the simulation for the
two devices. Pressure acoustics are solved in the water/air
environment while solid mechanics are solved in the substrate
plate and metal electrodes. Electrostatic study is applied to
the whole device except the metal electrodes part. Piezoelec-
tric effect is considered in the AIN part. Acoustic-structural
boundary is applied to the interface between the device and
the water/air environment to couple the pressure acoustic and
solid mechanics study.
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Fig. 2. The resonance frequency of the Ag mode lamb wave resonator
changing with plate thickness in air and in water. The black line corre-
sponds to the frequency of the radiation limit in water.

B. Slowing down lamb wave by reducing plate thickness

Fig. 2 shows the simulated resonance frequency of the Ay
mode Lamb wave changing with the plate thickness in air
and in water, respectively. The blue line in Fig. 2 shows
that the Lamb wave velocity reduces with the decrease of
the plate thickness (fpqte) in air. At large plate thicknesses,
the wave transforms into a Rayleigh wave and propagates
at the velocity of Rayleigh wave, which is about 5760 m/s.
The resonator remains operational in water only when the
Lamb wave velocity is slower than the sound velocity in
water (radiation limit), as depicted by the orange line in Fig.
2. This happens when the plate thickness is smaller than
0.09\. The black line marks the frequency of the radiation
limit (fr7,=148.1 MHz), which corresponds to a wave velocity
equals to the sound speed of water. The resonance frequencies
of the resonators are lower in water than in air because of
the mass loading of water. At plate thicknesses smaller than
0.02)\, the resonance also disappears in water, possibly due to
the insufficient piezoelectric conversion at very small plate
thicknesses [26]. The acoustic pressure distribution of the
0.05\-plate resonator at its resonance frequency (73.3 MHz) in
water confirms the suppression of acoustic radiation (Fig. 3a).
It can be seen that the positive (red part) and negative (blue
part) acoustic pressures only exist in a small region above
the resonator, which means the acoustic energy is confined
in this small region. For comparison, the acoustic pressure
distribution of the Lamb wave resonator with 0.2\ thickness
is shown in Fig. 3b. The alternating positive and negative
acoustic pressures extend all the way up till they get absorbed
by the PML. This means that the acoustic energy is strongly
radiative. It should be noted that a pseudo-resonance frequency
(280 MHz) was selected to show the radiation of the 0.2)\-
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Fig. 3. (a) Lamb wave resonator with 0.05X plate thickness showing
resonance with fully suppressed acoustic radiation in water. (b) Lamb
wave resonator with 0.2 plate thickness showing resonance with strong
acoustic radiation in water.

plate device as it cannot resonate in water. This frequency is
calculated by subtracting the estimated frequency shift caused
by water loading from the resonance frequency of the device
in air.

Although the Lamb wave resonator can work in water when
the plate is sufficiently thin, it is very fragile and difficult to
fabricate. As shown in Fig. 2, to have resonance in water, the
plate thickness of the Lamb resonator needs to be smaller than
0.09\. To have a good quality factor, the acoustic aperture
and number of IDT pairs should be at least 20\ and 20
pairs, respectively [27]. The surface area of the film is thus at
least 20X x 20 A. Considering the internal stress of the film
and other imperfections during fabrication, the yield of this
large-area thin device will be very low. Although higher plate
thickness can be used when the wavelength is large [21], the
aspect ratio (the plate thickness relative to the wavelength and
film area) remains the same and thus the structural strength
remains the same. Due to their fragility, these ultra thin
plate Lamb wave resonators are rarely reported in biosensing
applications.

C. Slowing down lamb wave by HAREs

To overcome the limitations of the plate thickness reduction
technique, we propose the HARE-LWR that uses HAREs for
slowing down the lamb wave without sacrificing the structural
strength of the device. The mass loading caused by the HAREs
together with the hybridization between the elastic resonance
of the HARESs and the lamb wave resonance can significantly
reduce the phase velocity of the HARE-LWR.

Fig. 4 shows the FEM simulated electrode-height-dependent
resonance frequency (slowing down curve) of two Ni-electrode
Lamb wave resonators with 2-pm and 4-pm plate thicknesses.
The use of two plate thicknesses is to investigate the impact
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Fig. 4. The slow-down curves of the Ni-electrode HARE-LWR with 2

and 4 pm plate thickness. The black line corresponds to the frequency
of the radiation limit in water.

of plate thickness on the slowing down effect. The two values
are chosen based on the typically available SiO, thicknesses
of an oxidized silicon wafer, which are 1 and 3 um. Thicker
Si0, is also possible but will take a lot longer to grow on the
silicon wafer, so they are not considered. The slowing down
curve of the HARE-LWR with gold, copper and platinum
electrodes are similar to that of nickel and are shown in Fig.
S1-S3 of Supporting Information. It can be seen that the 2-
pm-plate resonator remains operational in water even when
its electrode height is only 1 pm. However, the electrode
height needs to increase to more than 2 pwm for the acoustic
radiation to be sufficiently suppressed. This is revealed by
the acoustic pressure distribution of the resonators when their
electrode height increases. In Fig. 5a, the positive acoustic
pressure (red part) and negative acoustic pressure (blue part)
of the 1-pum-electrode resonator at its resonance frequency
(148.5 MHz) extend up to the PML boundary with gradually
decreasing intensities. Although the amount of acoustic energy
reaching the PML boundary is much smaller than that of
the conventional Lamb wave resonator shown in Fig. 3b,
the acoustic energy confinement is still not very effective. In
contrast, the acoustic energy of the 2-ume-electrode resonator
at its resonance frequency (138.1 MHz) is limited in the
region about 2\ high above the electrodes (Fig. 5b). The 2\
confinement length is an estimation of the region where the
acoustic pressure fields marked by red and blue are clearly
visible. The resonators with 4-pm plate thickness show similar
behavior. The radiation is seen to be strong at its resonance
frequency (148.1 MHz) when its electrode height is 3.5 um
(Fig. 5¢). In contrast, when its electrode height increases to 5
wm (Fig. 5d), the radiation at its resonance frequency (129.2
MHz) is suppressed and the energy gets confined in the region
about 1.5\ from the electrodes. The relatively strong radiation

of the resonators in Fig. 5a and 5c is due to the fact that
their wave velocity is close to the sound speed of water.
It is thus necessary to further increase the electrode height
to leave a margin of about 100-200 m/s between the wave
velocity of the resonator and the sound speed in water so that
the acoustic radiation can be fully suppressed. In Fig. 4, the
resonance frequencies of the two resonators in air are also
shown for comparison. Comparing the results of Fig. 4 and
Fig. 2, it can be found that the frequency shifts due to the
mass loading of water in HARE-LWRs are much smaller than
those in the conventional Lamb wave resonators. This smaller
mass loading effect of water can potentially make the HARE-
LWRs more resistant to environmental disturbances in water.

I1l. PERFORMANCE OF THE HARE-LWR FOR
BIOMOLECULE DETECTION

The mass sensing resolution (R,,) or the detection limit
(LOD) of the frequency based biosensors are determined by
the following equation:

(D

where S,,, and ny are the mass sensitivity and the frequency
noise (jitter) of the sensor, respectively. To maximize the
sensing resolution, the sensor should have both high mass
sensitivity and low frequency noise.

A. Mass sensitivity of the HARE-LWR

The mass sensitivity of the HARE-LWR was analyzed
by FEM simulation. A 200-nm polymer layer (Polymethyl
methacrylate, PMMA) was used as the mass sensing layer.
It uniformly covers the surface of the HARE-LWR as shown
in the insert of Fig. 6a. To evaluate the mass sensitivity of
the device, we changed the density of the sensing layer and
recorded the corresponding frequency shift. The variation of
the density is an emulation of the mass loading effect when the
sensor absorbs biomolecules. The mass sensitivity is calculated
by the following equation:

Af
tAp

where A f is the frequency shift before and after mass loading,
t is the thickness of the sensing layer, Ap is the density
variation of the sensing layer. Fig. 6a shows the simulated
electrode-height-dependent mass sensitivities of the HARE-
LWRs with different electrode materials and plate thicknesses.
The mass sensitivity of all the devices exhibit similar behavior.
After the electrode height exceed the limit which the devices
can operate in water, the mass sensitivities of all the devices
increase rapidly with the increasing of the electrode height and
reach maximum points. A gradual decrease is then observed
with the further increase of the electrode height. Table I
summarises the maximum mass sensitivities S,,,_,,qz Of all
HARE-LWR configurations and their corresponding electrode
height (heje—maz) and operating frequency (finaz)-

Among the four analysed electrode material, Cu-electrode
HARE-LWR has the best mass sensitivity which is closely

Sm - | (2)
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(a-b). Displacement (enlarged) and acoustic pressure distribution of the 2-um-plate Ni-electrode HARE-LWR at 1 and 2 um electrode

height. (c-d). Displacement (enlarged) and acoustic pressure distribution of the 4-um-plate Ni-electrode HARE-LWR resonator at 3.5 and 5 pm

electrode height.

TABLE |

MAXIMUM MASS SENSITIVITY OF THE HARE-LWRS
Electrode [ tpiqte S —maz hele—maz | fmaz
Material | (um) | (Hz/(ng-cm?))| (um) |(MHz)
Ni 2 62.2 2.2 129.96
Ni 4 62.4 4.6 132.32
Au 4 39.1 2 132.20
Cu 4 63.9 4 130.09

Pt 4 34.5 2 131.79

followed by the Ni-electrode HARE-LWR. In comparison,
HARE-LWRs based on gold and platinum are less sensitive.
For the nickel electrodes, the mass sensitivities of two HARE-
LWRs with different plate thicknesses were simulated. They
showed almost the same maximum mass sensitivity, but the 4-
pm-plate HARE-LWR reaches the maximum sensitivity at a
larger electrode height of 4.6 um compared to the 2.2 um
electrode of the 4-pum-plate HARE-LWR. This is because
the original phase velocity of the 4-um-plate HARE-LWR is
faster than that of the 2-um-plate HARE-LWR, it thus requires
higher electrodes to sufficiently slow down its phase velocity.
Despite the electrode material and height differences of the
HARE-LWRs, it is interesting to find that all the devices
reaches the maximum mass sensitivity at similar operating
frequencies around 130 MHz. This phenomenon suggest that
we can change the electrode configuration to improve the
device reliability or adapt it to sensing applications that have
requirement on electrode material while keeping the same
sensitivity at the same operating frequency.

To investigate the origin of the high mass sensitivity of the
HARE-LWR, we simulated the mass sensitivity of the Cu-
electrode HARE-LWR when the sensing film coverage on the
device surfaces changes. The plate thickness and electrode
height of the HARE-LWR are both 4um. The frequency

shifts of the impedance curves together with the sensing
layer coverage diagram are shown in Fig. S4 of supporting
information. The mass sensitivities of the device with sensing
film covering all the surface, the electrode surface and the
bottom surface are 63.87, 62.61 and 2.78 (Hz/(ng - ecm?)),
respectively. This means the high mass sensitivity of the
HARE-LWR is mainly contributed by the elastic resonance
of the HARESs. The contribution from the mass loading of the
bottom surface is very small.

B. Quality factor and FOM of the HARE-LWR

To determine the resolution, we also need to evaluate the
frequency noise of the sensor. However, the frequency noise
is a parameter associated to the complete sensing system.
It is affected by the noise from the detection circuits. We
thus use the quality factor of the resonator to evaluate the
frequency noise caused by the sensor part. Resonators with
higher quality factors will exhibit a lower frequency noise of
the final sensing system. The quality factor calculated from
the simulated electrical impedance is given by the following
equation:

fdzz

@= 2 df
where f and Z are the working frequency and electrical
impedance of the device respectively. Fig. 6b shows the calcu-
lated quality factor of the HARE-LWRs at different electrode
heights. For all the HARE-LWRs, the quality factor is rela-
tively low at small electrode heights due to the incomplete sup-
pression of the acoustic radiation. When the electrode height
further increases, the radiation is fully eliminated and thus the
quality factor improves dramatically. After the rapid quality
factor improvement, the quality factors follow different trends
depending on the plate thickness and electrode material. For

3
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Fig. 6.
the HARE-LWR biosensors. The insert in 5a shows how the mass sensing layer covers the surface of the HARE-LWR biosensor. (e). Resonance
frequency shift of the SH-SAW biosensor based on 36° Y LiTaOs. (f) Acoustic radiation of the SH-SAW biosensor at resonance frequency.

the 2-pm-plate Ni-electrode HARE-LWR, the quality factor
decreases slightly and then increases again with the increasing
of the electrode height. For the 4-pm-plate HARE-LWR based
on nickel, copper and platinum, the quality factor saturates and
fluctuates with the increasing of electrode heights. The quality
factor of the 4-pum-plate gold electrode however fluctuates a
while and then continues to increase with the further increase
of electrode height. The Q factor behaviour difference of these
HARE-LWR configurations is possibly linked to their different
electromechanical coupling factor (K2) changing trends as
shown in Fig. 6¢c. The coupling factor is calculated by the

following equation [28]:

E)fp_fs

fo" Jp

where f; and f, are the resonance and anti-resonance fre-
quencies, respectively. The increase, decrease or fluctuation of
the quality factor are inversely linked to the variation of K?2.
This is because the bandwidth of the resonator is inversely
proportional to K2. As a result, the quality factor improves
because it is inversely proportional to the bandwidth.

To evaluate the sensing resolution of the device, we define
the figure of merit (FOM) of the device as the mass sensitivity
multiplied by the quality factor (FOM = S, x Q). The
calculated FOM is shown in Fig. 6d. It can be found that

2
K? = T ( 0

the FOMs of all the HARE-LWRs increase rapidly and reach
maximums at the beginning due to the simultaneous increase
of the quality factor and the mass sensitivity. Table II sum-
marises the maximum FOM of all the HARE-LWRs and their
corresponding electrode height and operating frequency. After
the rapid increase, the FOMs of the 4-um-plate HARE-LWRs
based on nickel, copper and platinum decrease because the
decrease of mass sensitivity. In contrast, the quality factor of
the 2-pm-plate Ni-electrode and the 4-pum-plate Cu-electrode
HARE-LWRs keep a saturated level as the decrease of mass
sensitivity is compensated by the evident increase of quality
factor. In reality, this FOM saturation may not happen as the
quality factor increase at large electrode height can be less than
the simulated results because higher electrodes can accumulate
more physical defects in the fabrication process which will
compromise the quality factor. It is thus better to choose an
electrode height that is just high enough to fully suppress the
acoustic radiation to achieve the best FOMs for all the HARE-

LWR configurations.
C. Comparison between HARE-LWR and SH-SAW

To demonstrate the advantage of our design, we compared
the device with conventional shear mode SAW biosensors
based on SH-SAW. As the operation frequency affects the
mass sensitivity, the devices in comparison are scaled to
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TABLE Il
MAXIMUM FOM oF THE HARE-LWRs

Electrode tpla,te FOMpmax hete—maz | fmaz
Material | (um) | (Hz/(ng-cm?))| (um) | (MHz2)

Ni 2 3.75 x 10 22 129.96

Ni 4 4.64 x 106 4.1 137.67

Au 4 4.53 x 106 1.8 138.03

Cu 4 6.97 x 106 3.6 131.7

Pt 4 3.23 x 106 1.8 139.7

proper wavelengths so that they all work around 133 MHz.
The electrode thickness of the SH-SAW resonators was set
to 0.02\. The same polymer, PMMA, with the thickness
of 0.02), is used to simulate their mass sensitivity. Table
III summarizes the simulated performance data of all the
devices in comparison. For HARE-LWR, the 4-pum-plate Cu-
electrode configuration is chosen as it shows the best FOM.
Fig. 6e shows the resonance frequency shifts of the SH-
SAW resonator based on 38° Y-cut lithium tantalate when
the density of the PMMA film is increased by one and
two percent. Both 38° Y-cut lithium tantalate (LT38) and
AT-cut quartz (QAT) are used as the SH-SAW substrates.
Lithium tatalate is reported to be one of the best piezoelectric
substrate for SH-SAW because of its small dielectric mismatch
with water, which reduces the acoustic attenuation [20], [29].
Quartz is used as SH-SAW substrate as it is reported to
have higher mass sensitivity [30]. The FEM simulation results
in Table III confirm that the mass sensitivity of SH-SAW
based on AT-cut quartz (25.9H z/(ng/cm?)) is indeed higher
than that of 38° Y-cut lithium tantalate (13.3Hz/(ng/cm?)).
Nevertheless, their mass sensitivity is both lower than the
maximum sensitivity of the 4-um-plate Cu-electrode HARE-
LWR (63.9Hz/(ng/cm?)). Although quartz substrate shows
higher mass sensitivity, it is a less favorable substrate for SH-
SAW because it has a very low relative dielectric constant
(e, = 3.8). This results in a large dielectric mismatch with
water (¢, = 80) that leads to strong acoustic attenuation and
thus low quality factor resonance in water [20]. The simulated
quality factor of SH-SAW on AT-cut quartz (57) is a lot lower
than that on lithium tantalate substrate (3881). Despite the
higher mass sensitivity, the FOM of SH-SAW on quartz is
significantly lower than that of lithium tantalate due to the
lower quality factor on quartz. When compared with the 4-
pm-plate Cu-electrode HARE-LWR, the quality factor of SH-
SAW based on lithium tantalate is still 28.3 times lower.
This is because of the strong acoustic radiation in liquid as
shown in Fig. 6f. Although the shear polarized plate motion of
the SH-SAW resonator can minimize the mechanical energy
transferred to the water molecules, the acoustic radiation is
not eliminated as the wave velocity is above the radiation
limit. The FOM of the SH-SAW based on lithium tantalate is
135 times lower than the maximum FOM of the 4-pm-plate
Cu-electrode HARE-LWR. The above comparison shows the
superior performance of the proposed HARE-LWR compared
to the SH-SAW resonators.

TABLE Il
COMPARISON OF THE HARE-LWR AND THE SH-SAW BIOSENSORS
Device Sm 2 Q FOM Apm) | f(MHz)
HARE-LWR | 63.9 [1.10 x 10° [6.97 x 105 10 131.7
SH-SAW-LT38 | 13.3 3881 5.16 x 104 | 30 134.3
SH-SAW-QAT | 25.9 57 1476 38 134

2 Unit of Sy Hz/(ng/em?)

D. Discussion

Except the above theoretical investigations, other factors can
also affect the performance of the HARE-LWR biosensor. One
of it is the fluid motion produced by the movement of the
HAREs and the piezoelectric plate. In a lamb wave delay
line configuration, it was reported that the particles can be
moved towards a fixed direction if only one side of the IDT is
stimulated [31]. This constant particle movement can change
the regional concentration of the target analytes and affect the
sensor operation. However, the particles are trapped instead of
being moved when a standing wave is formed by turning on
both sides of the IDTs. The proposed HARE-LWR works in a
single port configuration that also generates a standing wave
and thus has the same trapping effect on the particles. As the
particle trapping does not change the regional concentration
of the analytes, the fluid motion generated in the HARE-LWR
thus does not affect its sensing performance.

Another factor that can affect the HARE-LWR’s perfor-
mance is the damping caused by the electrodes. It was reported
that the electrode material can affect the insertion loss of
conventional SAW filters [32]. One might question that using
HAREs can increase the damping caused by the electrodes
and thus decrease the quality factor of the HARE-LWR. This
is true for the HARE-LWR operating in air as the electrode
induced damping can be a significant part of energy loss. How-
ever, in the case of the HARE-LWR biosensor operating in
liquid, the damping caused by the electrode is much less than
the damping through acoustic radiation. In fact, the HARE-
LWRs without sufficient electrode height cannot resonate in
water because of the strong damping caused by acoustic
radiation. Although the HARE increases the energy loss in the
electrodes, it is a necessary trade-off to enable the operation
of the device in water. We compared the quality factor impact
caused by the electrode damping and the acoustic radiation
through the simulation of a SH-SAW based on 36° Y lithium
niobate whose aluminum electrode is with an isotropic loss
factor (1,) of 0.01. SH-SAW is chosen for the comparison as
it can operate in liquid with acoustic radiation. The simulation
results shows that the SH-SAW operate in water with the
electrode damping has a quality factor of 3593. If we set the
damping of the electrode to zero (n, = 0), the quality factor
becomes 3901, which means the electrode damping introduced
8% of quality factor drop for the SH-SAW. If we let the same
device with electrode damping work in air, the quality factor
becomes 43680, which means the acoustic radiation results in
11.2 times quality drop. This comparison proves that acoustic
radiation is a much stronger damping source than the loss in
the electrodes. The simulated spectrum of the quality factor in
this comparison are given in Fig. S5 of supporting information.
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IV. SUMMARY

A HARE-LWR biosensor with high in-liquid quality factor
and mass sensitivity is proposed. Although conventional Ay
mode Lamb wave biosensors can also achieve non-radiative
operation in water by reducing their plate thickness to a very
thin level, they become very fragile and thus not suitable
for practical use. In contrast, the proposed HARE-LWR uses
HARE:S to slow down the wave while allowing for the use of
thick plates, which significantly improve the structural relia-
bility of the device. Through FEM simulations, we analyzed
the slowing down behavior of the Lamb wave in HARE-LWR
resonators. It was found that the resonator will enter a semi-
leaky region after its acoustic velocity is slowed down to
just below the sound velocity of water. The device is still
operational in this semi-leaky region but has a relatively low
quality factor. When the electrode height is further increased,
the acoustic radiation becomes fully suppressed. The quality
factor of the resonator is thus dramatically improved. The
mass sensitivity of the resonator also reaches its maximum just
after the semi-leaky region. Further increase of the electrode
height reduces the mass sensitivity due to the simultaneous
decrease of the resonance frequency. To evaluate the mass
sensing resolution of the sensor, we defined the FOM as the
mass sensitivity multiplied by the quality factor. The FOMs
of the HARE-LWRs with different electrode materials and
electrode heights all reach their optimal value just after the
semi-leaky region. By comparing the proposed HARE-LWR
biosensor with the widely used SH-SAW biosensor working
at the same frequency, it was found that the HARE-LWR
provides a significant 135 times FOM improvement compared
to the SH-SAW. In conclusion, the HARE-LWR biosensor
combines the benefits of high mass sensitivity, high quality
factor and high reliability. To our knowledge, it is the first non-
radiative acoustic resonator that can work reliably in water.
This work has the potential to help substantially push the
performance boundary of mass-sensitive acoustic biosensors.
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