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ABSTRACT

Acoustic wave resonators are promising candidates for gravimetric biosensing. However, they generally
suffer from strong acoustic radiation in liquid, which limits their quality factor and increases their fre-
quency noise. This article presents an acoustic radiation-free gravimetric biosensor based on a locally res-
onant surface phononic crystal (SPC) consisting of periodic high aspect ratio electrodes to address the
above issue. The acoustic wave generated in the SPC is slower than the sound wave in water, hence pre-
venting acoustic propagation in the fluid and resulting in energy confinement near the electrode surface.
This energy confinement results in a significant quality factor improvement and reduces frequency noise.
The proposed SPC resonator is numerically studied by finite element analysis and experimentally imple-
mented by an electroplating-based fabrication process. Experimental results show that the SPC resonator
exhibits an in-liquid quality factor 15 times higher than a conventional Rayleigh wave resonator at a simi-
lar operating frequency. The proposed radiation suppression method using SPC can also be applied in
other types of acoustic wave resonators. Thus, this method can serve as a general technique for boosting
the in-liquid quality factor and sensing performance of many acoustic biosensors.
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1. Introduction

The rapid and decentralized detection of biomolecules has been increasingly demanded for various ap-
plications, such as infectious disease diagnosis and food safety tests. This demand has been particularly
evident during the recent outbreak of the novel coronavirus (COVID-2019), where the throughput of
time-consuming laboratory virus tests significantly delayed the diagnosis of the disease. In recent years,
various techniques have been developed to meet these rising needs, which can be classified into four ma-
jor categories: electrochemical, thermal, optical and mass-sensitive biosensors” %, Electrochemical biosen-
sors detect signal variations in potential, current, or conductivity’. Thermal biosensors use the biochemi-
cal-reaction-induced temperature variation as the signal®. Optical biosensors detect the adsorption or
emission of light at specific wavelengths®. Mass-sensitive biosensors sense surface mass variation due to
the binding of analytes to bioreceptors®. Novel types of biosensors, such as photothermal’ and photoelec-
trochemical®'® biosensors, have also been increasingly studied. These sensors use light as the excitation
source while implementing detection based on temperature (photothermal) or electrical current (photoe-
lectrochemical) variations. Among these different types, optical biosensors based on fluorescent labels or
the label-free surface plasmon resonance (SPR) technique are the most widely used for protein and ap-
tamer detection.'"™ However, due to the relatively complex setup of the optical detection scheme, optical
sensors remain relatively costly and hard to miniaturize.

Mass-sensitive biosensors based on acoustic wave resonators are competitive alternatives to optical
biosensors'* '°. They can reach a higher level of integration at lower cost, as they do not require the use of
peripheral equipment, such as excitation light sources. As their operating principle relies on the direct de-
tection of an added mass to the surface of the sensor and on the direct measurement of the corresponding
electroacoustic response, the entire detection scheme is intrinsically embedded into the acoustic device,
leading to small-sized, low-cost sensors that can be easily fitted into a small microfluidic chamber. In ad-
dition, as mass variation is a physical signal that exists in any type of analyte-bioreceptor binding reac-
tion, mass-sensitive sensors can be applied to all types of biomolecule detection, while other biosensors
are limited by their signal type and require the specific design of the detection protocol. For example, po-
tentiometric electrochemical biosensors require the analyte binding reaction to generate a potential varia-
tion so that it can be detected. Despite these advantages, acoustic wave resonators generally suffer from
strong acoustic radiation in liquid, which decreases their quality factor (Q) and increases the signal noise.
To maintain operation in liquid, acoustic wave resonators for biosensing are usually designed to operate
in shear modes. When the movement of the shear wave is parallel to the liquid-solid interface, the me-
chanical motion transferred to the liquid is reduced compared to vertically polarized waves.'*!® The
acoustic radiation, however, cannot be eliminated, as the horizontal friction between the solid and water
particles still conveys energy. The complete suppression of acoustic radiation can only be achieved by
completely preventing wave propagation in the liquid. This scenario requires the velocity of the acoustic
wave generated in the solid substrate to be lower than the sound velocity in water, which does not occur
in natural materials. The acoustic wave velocity in all piezoelectric substrates is indeed always higher
than the sound velocity in water because of the large elastic constants of solid materials.'

It was, however, reported that one-dimensional surface phononic crystals (SPCs) made of periodic
high aspect ratio electrode strips can be used to significantly slow down Rayleigh waves® and Lamb
waves®'. In this paper, we exploit this idea for the realization of SPC resonators operating in liquid. The
proposed SPC resonator is theoretically studied by the finite element method (FEM) and experimentally
implemented by the classical lithography, electroplating, and molding (LIGA, Lithographie, Galvanofor-
mung, Abformung) process. By incorporating SPC with interdigitated transducers (IDTs), we find that the
velocity of Rayleigh waves can be reduced to a value lower than the velocity of the sound in water. This
successfully stops the propagation of the acoustic wave in water and eliminates acoustic radiation. Be-
cause of the complete suppression of radiation, the in-liquid Q factor of the resonator is improved by
more than 15 times compared to a conventional Rayleigh wave resonator working in the same frequency
range. In addition to the slowing down of the phase velocity, the group velocity is also found to be re-
duced to almost zero, hence suppressing energy propagation in the horizontal plane. This result enables
the use of zero or a small number of reflectors when constructing a resonator, therefore significantly re-
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ducing the sensor size and fabrication cost. Moreover, the high aspect ratio electrodes constituting the
SPC naturally lead to an increase in the surface-to-volume ratio of the device and hence increase the mass
sensitivity. The proposed acoustic radiation suppression method can also be applied in other types of
acoustic waves, which makes it a general technique that can significantly push forward the performance
limit of many acoustic biosensors.

2. Results
2.1 Design of the SPC resonator

Fig. 1a shows a top view diagram of the SPC resonator. IDTs consisting of 30 pairs of high aspect ra-
tio electrodes located in the center of the device are deposited on a 128° Y-cut lithium niobate substrate.
Nickel is chosen as the electrode material because high aspect ratio nickel electrodes can be reliably im-
plemented using the LIGA process. When an electrical field is applied to the IDTs, mechanical defor-
mations are stimulated in the piezoelectric substrate, eventually forming phononic resonance. Both the
electrode width and the electrode spacing are equal to 2.5 um, resulting in a wavelength (1) of 10 pm.
The electrode height (t.;.) is set to approximately 7.5 um. This value is much larger than the thickness of
conventional SAW resonators, which are usually one or two percent of the wavelength.”? Because of the
low group velocity in the horizontal plane, only 20 reflector strips are placed on the two sides of the IDTs
to enhance the resonance. This number is much smaller than that used in conventional SAW resonators,
which usually require hundreds of reflector strips®. The resonance frequency of the device is determined
together by the electrode geometry, electrode periodicity and materials of the electrode and piezoelectric
substrate.

Water
Biomolecules

Target biomolecules

Biorcceptors

(a)
Figure 1. Diagram and sensing mechanism of the SPC resonator. (a). Diagram of the SPC resonator. IDTs
for wave stimulation are in the center, while reflectors for resonance enhancement are on the two sides. (b).
Diagram of the SPC used for biomolecule detection. The specific binding between bioreceptors and target bi-
omolecules induces mass loading to the device surface, which causes a resonance frequency shift.

Fig. 1b shows a diagram illustrating how the SPC resonator can be used for biosensing. To detect bi-
omolecules, bioreceptors are immobilized on the surface of the electrodes. These bioreceptors can bind
specifically with their detection targets. Typical bioreceptors are DNA probes, antigens and antibodies." 2*
They are widely used in the detection of human immunoglobulins or pathogens, such as viruses and bac-
teria. Less specific bioreceptors, such as functionalized nanoparticles®® and bioimprinted polymers?® %7,
can be used for the detection of small biomolecules that can serve as biomarkers for early disease diagno-
sis. Once the detection targets bind with the bioreceptors, the additional mass attached to the device sur-
face results in a two-fold variation in the SPC resonance. First, the attached molecules increase the mass

of the high aspect ratio electrodes, which reduces their mechanical resonance frequency. Second, the ad-



113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154

ditional mass reduces the surface acoustic wave velocity due to the classical mass loading effect also ob-
served in surface acoustic wave resonators'®. As the SPC resonance is a coupling between the mechanical
resonance of the high aspect ratio electrodes and the surface acoustic wave, the combination of the above
two effects reduces the SPC resonance frequency. By building an oscillator-based frequency readout cir-
cuit with the SPC resonator ** *°, the sensor response can be converted to real-time digital signals.

2.2 Slow acoustic wave in the SPC

If the acoustic wave velocity is reduced to a value lower than the sound velocity in water, its propaga-
tion in water is inhibited. This eliminates the acoustic radiation of the wave and thus enables high-Q reso-
nance in liquid. By exploiting this principle, we used SPC made of periodic high aspect ratio electrodes to
slow down the surface wave on a lithium niobate substrate. The SPC induces a hybridization between the
Rayleigh-type surface wave and the elastic resonance of the high aspect ratio electrodes. This hybridiza-
tion results in the occurrence of hybrid modes with velocities directly conditioned by the geometrical
characteristics of the electrodes. Fig. 2a shows the simulated resonance frequency of the localized mode
of the SPC resonator in air and water for different electrode heights. It can be seen from the triangular-
marked blue curve that the resonance frequency decreases continually with an increasing electrode height
in air. However, this mode cannot be observed in water for electrode heights lower than 5.6 um, for
which the acoustic wave velocity (¥ = 4 X f) on the substrate remains higher than the velocity in the lig-
uid. For electrode heights larger than 5.6 pum, in-liquid resonance occurs, as seen from the circle-marked
orange curve. This result is because the corresponding wave velocity in the piezoelectric substrate is low-
er than the sound velocity in water, which prevents acoustic radiation in the liquid. The corresponding
displacement fields in the substrate and acoustic pressure distribution in the liquid were then simulated.
The results obtained for electrode heights of 2 um and 7.6 pm are reported in Fig. 2b and Fig. 2¢, respec-
tively. In the case of the 2-um electrodes, acoustic wave generation and radiation were simulated at 270
MHz. As shown by the alternating positive (red part) and negative (blue part) acoustic pressures, the
acoustic wave propagates in water until it reaches the perfectly matched layer (PML) boundary, where the
wave is absorbed by the PML. It should be noted that 270 MHz is the resonance frequency of the 2-um
electrode device in air. This frequency is chosen because the device cannot resonate in water. In compari-
son, the acoustic pressure distribution of the SPC resonator with the 7.6-um electrode operating in water
at its resonating frequency (124.2 MHz) is shown in Fig. 2c. It can be seen that the positive (red part) and
negative (blue part) acoustic pressures exist only in the region near the electrodes, which means that the
acoustic energy is confined in this region and the acoustic wave is not radiative. Fig. 2¢ also reveals the
mode shape of the SPC resonators. The displacements of the electrodes are much larger than those ob-
served at the piezoelectric substrate surface, which means that most of the elastic energy is stored in the
electrodes. The fransition from surface-confined energy to electrode-surface hybridized energy reveals
how the wave is transformed from a conventional Rayleigh SAW into an interfacial wave, where the elas-
tic energy is distributed between the high aspect ratio electrode and the near-surface of the substrate. The
movement of the electrodes is vertically polarized, as they move up and down in an oscillation cycle. The
displacements of the electrodes in a full cycle are shown in Fig. S1 of the Supplementary Information.
Although the vertical movement transfers more mechanical energy to water compared to the horizontal
movement in shear waves, resonance in water still occurs. This behavior indirectly suggests the effective-
ness of the acoustic radiation suppression technique.
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Figure 2. Slow-down curve and radiation suppression of the SPC resonator (a). Resonance frequen-
cies of the SPC resonator in relation to the electrode height. The electrode height needs to be higher than
5.6 um for the device to maintain resonance in liquid. (b) Mode shape (enlarged) and acoustic pressure
distribution of the 2-um electrode device. The alternating positive (red color) and negative (blue color)
acoustic pressures show strong acoustic radiation. (c) Mode shape (enlarged) and acoustic pressure distri-
bution of the 7.6-um electrode device. The acoustic energy is confined in a small region near the elec-
trodes.

Dispersion curves providing information on the group and the phase velocities constitute a very im-
portant design tool for acoustic devices. Fig. 3a shows two individual impedance curves of an SPC reso-
nator with a 7.6-um thick electrode when k, equals zero and 0.2m/A. By varying the wavevector k.. in
the first Brillouin zone, the dispersion curves (Fig. 3b) of these resonance modes are obtained. As an ex-
ample, the two impedance curves in Fig. 3a yield the dispersion curve points marked by two vertical
dashed black lines in Fig. 3b. Because of the electrical periodicity of the electrodes, the dispersion curves
fold at k,, = m/A, which means that its folded upper strand is the dispersion curve of /A < k,, < 2m/A.
By checking the corresponding mode shape, the red-dashed line in Fig. 3b is found to be the dispersion
curve of the vertically polarized wave, while the yellow-dashed line is the dispersion curve of the shear
horizontal wave. The red dot in Fig. 3b thus marks the base mode of the vertical polarized phononic
wave, where k, = 27/A. It can be seen from the slope of the dispersion curve that the corresponding
group velocity of this point is almost zero (slightly negative). As the group velocity represents the trans-
mission of the wave energy, this significantly reduced group velocity along the x direction means that
very little energy propagates horizontally. Because of this, the use of a large number of reflectors, as in
conventional SAW resonators, is not necessary. This result enables a significant reduction in the device
size and saves cost.
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Figure 3. Dispersion diagram of the SPC resonator. Impedance curves (a) and dispersion diagram (b) of the
SPC resonator with the 7.6-um electrode. The dispersion diagram is synthesized by the impedance curves at dif-
ferent wave vectors. The color represents the impedance magnitude. The red- and yellow-dashed lines are the
dispersion curves of the vertically polarized and shear horizontal waves, respectively.

2.3 Electrode profile and impedance of the SPC resonator

A scanning electron microscopy (SEM) image of the fabricated device is shown in Fig. 4a. Both positive pho-
toresist (pPR) and negative photoresist (nPR) were used as electroplating molds to produce different electrode
profiles and investigate the corresponding impact on the resonator performance. The cross-sectional SEM images
of the electrodes fabricated with the pPR and nPR are shown in Fig. 4b and Fig. 4c, respectively. The cross-
section was obtained by cutting with a focused ion beam, during which platinum was deposited to protect the ad-
jacent top surface of the electrode. The platinum protection layer and the nickel electrode are marked by blue and
red overlays in one of the electrodes of each image, respectively. The profile of the electrode fabricated by nPR is
a trapezoid with a slightly shrunken bottom. In comparison, a reverted trapezoidal profile is obtained with pPR.

The impedance curves of the resonators fabricated with these different photoresists are shown in Fig. 4d. The
two SPC resonators have similar impedance characteristics. The difference in resonance frequency is caused by
both the electrode profile and electrode thickness differences of the devices. For comparison, the response of a
conventional Rayleigh wave resonator is also shown. This resonator is fabricated on the same 128° Y-cut lithium
niobate wafer with a one-step lift-off process. The wavelength and electrode thickness are 30 ym and 200 nm,
respectively. Its layout design is directly scaled up three times from the SPC resonator for a fair comparison. The
impedance curve of the conventional Rayleigh wave resonator is much flatter than that of the SPC resonators,
with a Q factor in liquid that only reaches 3.4 due to its acoustic radiation in liquid. In contrast, the Q factors of
the SPC resonators in liquid are 50.4 and 44.5 for the pPR and nPR processes, respectively. The sharp resonance
peaks mean that the SPC resonators have better frequency resolution while detecting the external mass loads. In
practical applications, oscillators incorporating sensor resonators are usually built to produce frequency signals
that can be counted by readout circuits. The phase noise of the oscillator is inversely proportional to the Q factor
of the resonator and can be estimated by Leeson’s equation®, Resonators with high quality factors will lead to
lower frequency noise in the final sensor oscillator.
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Figure 4. Device SEM images and impedance curves of the SPC resonator. (a). Top-view SEM image of the
SPC resonator. (b-c) Cross-sectional images show the inverted trapezoid and trapezoid profiles of the high aspect
ratio electrode fabricated with positive (b) and negative (c) photoresists, respectively. The red and blue overlays
mark the nickel electrode and the titanium protection layer deposited during the cutting by an FIB, respectively.
(d) Impedance magnitude curves of the SPC resonators and conventional Rayleigh SAW resonators in liquid.

2.4 Mass sensitivity of the SPC resonator
The overall performance of a gravimetric biosensor can be described by its limit of detection (LOD), which is

obtained by:

LOD = 2 (D

Br
where S and ny are the mass sensitivity and frequency noise of the sensor, respectively. The frequency noise of
the sensor is evaluated by its Q factor, as discussed in the previous section. To evaluate the overall sensing per-
formance, the mass sensitivity of the SPC biosensor also needs to be characterized. The variation in the nickel
electrode height across the wafer is used here to calculate the mass sensitivity, as a change in electrode height is
equivalent to the variation in loaded mass on top of the electrodes. Nevertheless, it should be noted that this sensi-
tivity is an underestimate of the actual mass sensitivity expected from an actual biosensing process where the
mass loading would be homogeneous on the entire device surface rather than localized on the top of the electrode.
The resonance frequencies of the SPC resonators operating in air and in water are shown in Fig. 5a and Fig. 5b,
respectively. The measurement data correspond to the triangular data points in the two figures. There are more
data points of the resonators fabricated with pPR than for the devices fabricated with nPR because more units of
the corresponding layout cells were arranged in the positive fabrication mask than in the negative fabrication
mask. Linear regression was used to find the relations between the electrode height and resonance frequency,
which are shown by solid lines in the two figures. Using the actual electrode profile shown in Fig. 4b and Fig. 4c,
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Figure 5. Mass sensitivities of the SPC resonators. Resonance frequencies of the two types of SPC resonators
fabricated with different photoresists operating in air (a) and in water (b). The slope of the linear regression curve
is proportional to the mass sensitivity of the resonators.

Table 1. Mass sensitivity of the SPC resonators.

Profile Sa* RZ OfSa SW RzofSw Sa_sim Sw_sim Swjull
pPR -13.89 0.94 -12.92 0.95 -14.75 | -13.90 | -56.7
nPR -10.64 0.94 -10.07 0.94 -13.48 | -12.25 | -584

* Unit of mass sensitivity: Hz/(ng * cm?)

the resonance frequencies of the devices were also simulated to validate the effectiveness of the FEM model. The
corresponding simulated resonance frequencies in air and in water are shown by the dashed lines in Fig. 5a and
Fig. 5b, respectively. Both of the simulated resonance frequencies agree well with the experimental data. The
mass sensitivity of the resonators to the loading on the top of the electrode is obtained from the slope of the fitted

curve by the following equation:
- 1 df @
pwi dt

where py; and t are the density and height of the nickel electrode, respectively. The mass sensitivity is a negative
number, as the mass loading results in a decrease in the resonance frequency. The mass sensitivities of the resona-
tors in air (S5) and in water (5,,) obtained from the linearly fitted curve are shown in Table 1. Their corresponding
coefficients of determination (R?) are also listed. All the R? values are greater than 0.94, which indicates a good
match between the fitted line and experimental data. The data in Table 1 also reveal that the pPR SPC resonators
have a mass sensitivity 30% higher than the nPR SPC resonators, whether operating in air or water. This result is
mainly because the trapezoidal profile of the nPR process makes the mass-loaded area (the top surface) smaller
than that obtained from the inverted trapezoidal profile of the pPR process. The mass sensitivity of the resonator
in air is only slightly higher than the mass sensitivity of the resonator in water, which means that the water load-
ing has a negligible impact on the mass sensitivity of the resonator. The simulated mass sensitivities in air
(Sa_sim) and in water (S, im) are also listed in Table 1. The sensitivity modeling for the pPR SPC resonator
agrees well with the experimental results, with discrepancies of 6.2% and 7.6% in air and water, respectively. The
modeling for the nPR SPC resonators is less accurate, with simulated experiment discrepancies of 26.7% and
21.7% in air and water, respectively. The less accurate modeling of the nPR SPC resonator is possibly due to the
discrepancy between the more distorted experimental electrode profile (Fig. 4c) and the simplified trapezoidal
8
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electrode profile in the simulation. Nevertheless, the FEM modeling results generally agree well with the experi-
mental data.

The mass sensitivity under homogeneous loading conditions, or full coverage mass sensitivity, was then ob-
tained by the same FEM simulation model. A polymer layer (PMMA) covering the entire device surface was
added as the mass loading layer. The device frequency response as a function of added mass is simulated by
changing the PMMA layer density. The simulated unit cells for the pPR and nPR SPC resonators operating at 120
MHz are shown in Fig. 83a and Fig. S3b, respectively. As listed in the last column of Table 1, the simulated full
coverage mass sensitivity in water (S, gy is found to be -56.7 and -58.4 Hz/(ng - cm?) for the pPR and nPR
SPC resonators, respectively. The good agreement between the full coverage mass sensitivities of the pPR and
nPR SPC resonators can be accounted for by their similar surface areas under full coverage conditions. This result
also reveals that the electrode profile does not affect the mass sensitivity of the SPC when the mass loading is
homogenous on the entire surface. As expected, the mass sensitivity for full surface coverage loading is signifi-
cantly higher than the mass sensitivity for loading only on the top of the electrode because of the much larger
loading area. For comparison, the mass sensitivity of the widely used 36°-Y LiTaOs-based SH-SAW sensing de-
vice, here working at 120 MHz, is also simulated. The corresponding simulation unit cell is shown in Fig. S3c.
The result shows a mass sensitivity of 10.02 Hz/(ng - cm?), which agrees well with the experimental results re-
ported by Barie et al’’. Their 36°-Y LiTaO; SH-SAW operating at 380 MHz showed a 25 kHz response to the
adsorption of a bovine serum albumin (BSA) monolayer that has a surface mass of 200 ng - cm?. Considering
that the mass sensitivity is proportional to the square of the operating frequency, the equivalent mass sensitivity at
120 MHz is 12.46 Hz/(ng - cm?), which is similar to our simulated SH-SAW sensitivity. This comparison
shows that the proposed SPC biosensor can exhibit a mass sensitivity close to 6 times higher than that of conven-
tional SH-SAW biosensors, which is due to the higher surface-to-volume ratio of the high aspect ratio electrodes.

3. Discussion

As mentioned in the Introduction section, the usual strategy for in-liquid acoustic sensing relies on the use of
shear-polarized acoustic modes. The shear polarization indeed minimizes mechanical motion transfer to water.
However, it does not fully prevent acoustic radiation in water: the wave velocity in the solid substrate remains
higher than the sound velocity in liquid and coupling with the vertically polarized mode generally occurs. This
radiation loss is one of the major limitations of these devices in achieving a high Q factor for in-liquid sensing. In
contrast, the SPC resonator proposed in this work relies on the complete suppression of acoustic radiation in wa-
ter; this suppression is accomplished by a significant slowing down of acoustic wave propagation in the solid sub-
strate due to the hybridization mechanism between localized modes in the electrodes and the surface wave. Due
to the complete suppression of acoustic radiation, the energy leakage can be theoretically fully stopped, hence
enabling high Q factor in-liquid sensing. In the present work, the Q factor of the SPC resonators is mostly limited
by the electroplating process. The sidewall surface roughness and the overall process inhomogeneity results in
structural defects breaking the periodicity of the IDTs, which limits further improvement in the quality factor.
Nevertheless, this technological shortcoming can be overcome, notably by using alternative thick-film deposition
techniques, such as thermal evaporation and chemical vapor deposition. Another limitation of the SPC biosensor
compared to conventional SAW devices is that it involves a more complex fabrication process. Although it is a
trade-off to achieve better performance, the added cost will not be significant in a complete sensing system that
includes other components, such as microfluidic channels and readout circuits.

The proposed method for acoustic radiation suppression is applied here to devices initially operating on ellip-
tically polarized Rayleigh waves. This method can be more generally transposed to any IDT-based acoustic wave
resonator, including SH-SAW or Love-wave acoustic resonators. The combination of shear mode polarization
and acoustic radiation suppression has the potential to significantly advance the performance boundary of acous-
tic wave biosensors.

4. Conclusion

In summary, we proposed a gravimetric biosensor based on an SPC resonator that can achieve acoustic radia-
tion-free operation in liquid. The SPC induced a hybridization between a Rayleigh-type surface wave and the
elastic resonance of the high aspect ratio electrodes, which led to strong confinement of the elastic energy at the
electrode-substrate interface. The acoustic wave velocity was then reduced to be lower than the speed of sound in
water. This mechanism resulted in the complete suppression of acoustic radiation, leading to high-Q resonance in
liquid. This device principle was validated by FEM analysis and experimentally implemented through the fabrica-
tion of SPC resonators using the LIGA process. Q factors on the order of 50 and a mass sensitivity of 12.92
Hz/(ng - cm?) were obtained by the positive photoresist process. A comparison with a Rayleigh SAW resonator

9
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revealed that the SPC could improve the Q factor of the resonator by 15 times. The effect was demonstrated here
for resonators operating on vertically polarized waves, and it could also be combined with existing shear mode
acoustic wave resonators. This proposed biosensor has the potential to significantly advance the performance
boundary of current acoustic wave biosensors.

5. Materials and methods
5.1 Numerical analysis

Numerical analysis based on the finite element method (FEM) was used to study the behavior of the SPC res-
onator. The analysis was performed using Comsol Multiphysics software. The FEM model couples multiple
physics, including solid mechanics, pressure acoustics, electrostatics, piezoelectric effects and acoustic structure
interactions. As a 3D numerical analysis is computationally heavy, a simplified unit cell of the resonator (Fig. S2
of the Supplementary Information) was adopted to reduce the computation time. The width of the unit cell was set
to one wavelength with continuity-type periodic conditions for the mechanical, electrical and acoustic compo-
nents applied to the two sides. This setup was equivalent to continuously repeating the unit cell and thus repre-
senting an infinite number of IDT pairs. The actual simulation model was in 3D with a depth of 0.1A. Continuity-
type periodic conditions were also applied to the front and back of the model to equivalently extend the depth to
infinity, which effectively made the acoustic aperture infinitely wide. The thickness of the substrate (tg,;) was set
to 5A, with the bottom IA set as the PML. The PML absorbed all the waves leaking into it, equivalently making
the substrate infinitely thick. A fixed boundary condition was applied to the bottom of the substrate, which repre-
sented the fixation on the accommodating package. The depth of the water (d,,qser) Was also set to 51, with the
top 1A set as the PML to equivalently extend the water depth to infinity. A free boundary condition was applied to
the top of the water. The height and profile of the electrodes were used as sweeping parameters in the analysis to
study the behavior of the SPC resonator. The ideal periodic conditions and PMLs ruled out the performance im-
pact from parameters of the substrate thickness, acoustic aperture width and IDT designs, which made the analy-
sis results only relevant to the profile and dimensions of the high aspect ratio electrodes. An alternative electrical
potential (1-volt amplitude) was applied to the two metallic electrodes as electrical stimulation.

Fundamental field parameters, such as the electrical fields, particle displacements and acoustic pressures, were
obtained from numerical analysis. Other needed information, including electrical impedance and mode shape,
was further derived from those field parameters. To obtain the dispersion diagram of localized modes in SPC,
Floquet periodic conditions were applied to the left and right sides of the model so that impedance curves under
different wave vectors (k,) were computed. The variation in k. covered the first Brillouin zone, i.e., from 0 to
m/A. This equivalently changed the periodic conditions on the two sides from continuity-type (k, = 0) to antipe-
riodic-type (k, = m/A). The final dispersion diagram was obtained by a color map representation of the imped-
ance magnitude in the k, — f plane.

5.2 Fabrication process

The device was fabricated on a four-inch 128° Y-cut lithium niobate wafer. The wafer was initially cleaned
with a piranha solution and deionized water to remove potential contaminants. Following cleaning, 20-nm titani-
um and 100-nm copper thin films were deposited on the wafer surface. The copper layer was used as a seed layer
for subsequently electroplating nickel, while the titanium layer was used to promote adhesion between the copper
layer and lithium niobate substrate. Subsequently, photolithography was used to create the mold for electroplat-
ing. A thick positive photoresist, AZ9260, and a thick negative photoresist, AZnL.OF 2070, were used to create
different electrode profiles. Two photolithography masks with opposite polarity were designed correspondingly.
After the mold was created, 7 um — 8 um-thick nickel layers were electroplated by an automatic electroplating
machine (Technotrans Microform 100). It should be noted that both the IDTs and bus bars were electroplated,
which meant that the IDTs were mechanically clamped by the bus bars in their electrical connection nodes. The
device was then immersed in a Microposit 1165 remover to strip the photoresist mold. Reactive ion etching (RIE)
was then used to remove the copper and titanium seed layers between the nickel electrodes to define the electri-
cally isolated IDT fingers. Subsequently, 200 nm of silicon dioxide was deposited on the sensor surface using
chemical vapor deposition. This layer was used as a passivation layer and could also provide an interface for bio-
receptor immobilization. Another photolithography step was then performed to create the photoresist etching
mask for the area excluding the pads that will be used for external electrical connection. The removal of silicon
dioxide covering the contact pads was completed by another RIE process. The complete process flow is shown in

Fig. S4.
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5.3 Sensor characterization

The variation in the nickel film thickness across the wafer was exploited for the calculation of the mass sensi-
tivity of the sensor because the small height difference of the nickel electrodes across the substrate caused a natu-
ral mass loading variation for the sensor, which changed its resonance frequency. The thickness of the nickel lay-
ers was measured by a profilometer.

The Q factor of the SPC resonator was used to evaluate the frequency stability (frequency noise) of the sensor.
It was calculated from its impedance by the following equation:

d
0LB
f
where f and ¢ are the operating frequency and phase of the electrical impedance of the device, respectively. The
measurement of the impedance was completed by a vector network analyzer (VNA). Two RF probes were used to
connect the device to the VNA. To obtain the performance data of the sensor in both air and water, its impedance
was measured under both conditions.

Supplementary information
Detailed information about the full-cycle mode shape, FEM simulation unit cells and fabrication process flow
of the SPC biosensor can be found in the Supplementary Information.
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