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Micropillared Surface to Enhance the Sensitivity of a Love-Wave Sensor
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Surface-acoustic-wave (SAW) sensors have undergone outstanding developments during the last
decades. However, for biosensing applications, they struggle to compete with optical sensing technolo-
gies. In this work, we present a Love-wave-based sensing platform that leverages the use of the local
resonances of micropillars fabricated on the surface of the guiding layer. We demonstrate numerically and
experimentally that the Love-wave interaction with the micropillars produces sharp attenuation dips in the
transmission spectrum. These dips are associated with the excitations of flexural and torsional resonance
modes of the pillars. We utilize these modes to achieve higher detection sensitivity of temperature variation
and mass loading using sugar and microbeads concentrations in aqueous solutions. Integrating a lattice of
micropillars into SAW-based devices offers a strong potential for detecting low particles concentrations.
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I. INTRODUCTION

The last decade has witnessed the rapid development
of sensors and biosensors for a large set of applica-
tions, encompassing food processing, medical diagno-
sis, biosensing, and military defense [1,2]. Particularly,
surface-acoustic-wave- (SAW) based microsensors have
attracted great attention as they are known to be cost-
effective with a remarkable capability for the real-time
monitoring of cells and biological molecules [3]. Rapid
advances in microfabrication and characterization have
enabled the efficient use of SAW sensors, as they can
be miniaturized and embedded into lab-on-a-chip, which
extends the functionalities of SAWs beyond sensing to
cell manipulations using acoustic tweezers, fluid steering,
and mixing [4-9]. In the case of biosensing, a particular
type of SAW is utilized, known as Love waves, which
are guided surface elastic waves along a finite-thickness
material layer deposited on the surface of a substrate.
Love waves can exist only if the velocity of the shear
bulk wave of the layer is lower than that of the substrate.
Contrary to Rayleigh waves, which are polarized along
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the sagittal plane, Love waves have a shear horizontal
polarization with no displacement along the direction per-
pendicular to the surface. This characteristic makes Love
waves more suitable for chemical and biological sensing
in liquid and viscous environments in contact with the
surface, as they can travel with low attenuation and have
weak acoustic energy radiation into liquid environments
[10—13]. In general, a Love-wave microsensor is fabricated
using a polymer layer, such as SU-8, on a piezoelectric
substrate, like quartz, lithium niobate (LiNbO3), or tan-
talate (LiTaO3), with interdigital transducers to generate
and detect the wave signals using direct and inverse piezo-
electric effects. A biosensing thin layer is deposited on
the surface so that any adsorption of biomolecules induces
changes in the mass and viscosity of the biosensing layer,
hence leading to a shift in the phase velocity and/or ampli-
tude of the wave [3]. Despite efforts to increase the sensing
performance of SAW devices, they have reached their limit
in terms of sensitivity, as they struggle to compete with
recent optical technologies that are based on plasmonic
metamaterials [14—16] and optomechanics [17—19], which
enable single-molecule and nanoparticle detection.
Meanwhile, the last three decades have seen the emer-
gence and development of phononic crystals and elas-
tic metamaterials that serve as fertile platforms for
exotic wave phenomena and precise acoustic and elas-
tic waves control, for filtering, waveguiding, acoustic
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superfocusing, and enhanced sensing [20—40]. Multiple
studies have demonstrated the potential of phononic crys-
tals for sensing, such as propanol-concentration detection
[28,35,36], liquid-type determination [37], ethanol-
concentration-variation sensing [26,38], detection of the
molar ratio of 1-methyl-3-octylimidazolium chloride in
methanol [39], and photoacoustic mass sensing at 100 GHz
[40]. Thus, it is of great interest to integrate acoustic meta-
materials into SAW-based platforms through the structural
design of the surface to increase their sensing perfor-
mance. In fact, studies have demonstrated that SAWs can
interact with a periodic lattice of pillar-shaped resonators
decorating the surface of a substrate, and the interaction
excites individual localized natural resonances of each pil-
lar. These resonances lead to strong attenuation of SAWs in
the spectrum at wavelengths larger than the pillars dimen-
sions and the periodicity of the lattice [29—31,41—44]. The
advantage of such a system is that the coupling between
SAWs and the resonators occurs below the sound line,
which renders the phenomenon confined within the sur-
face with rapid evanescent decay of the wave field into
the bulk substrate. Khelif et al. [31] investigated Rayleigh-
wave dispersion by a square lattice of pillars decorating the
surface of a silicon substrate, and demonstrated the open-
ing of band gaps created from the SAW interaction with the
resonance modes of the pillars. At the microscale, Robil-
lard et al. [41] presented an experimental observation of
individual resonances of cubic metal pillars decorating the
surface of a substrate. Achaoui et al. [42] used an opti-
cal measurement technique to characterize the vibrational
motion of individual pillars at resonance and observed
SAW attenuation by a square lattice of cylindrical nickel
pillars deposited on a lithium niobate substrate. Yudistira et
al. [43] explored SAW dispersion by a lattice of micropil-
lars and showed theoretically and experimentally both the
Bragg- and local-resonance-based band gaps. SAW attenu-
ation by the resonance of the pillars was also demonstrated
experimentally using a lattice of metallic nanodisks [45]
and pillars in holes [46]. Pillars can also be used to con-
fine and store the mechanical-strain energy carried by
SAWs [29]. Recently, Raguin et al. [34] used SAW inter-
actions with two coupled resonant pillars to manipulate the
elastic energy distribution on the substrate surface. These
designs are of great interest for potential applications in
biosensing, especially if the resonance modes are well tai-
lored for this purpose. We recently proposed the design
of a phononic micropillar lattice decorating the surface of
a substrate, where each micropillar displayed resonance
modes with highly-confined-strain energy density [32,33,
47]. These resonances can be excited by Love waves and
are depicted in the transmission spectra as sharp resonance
decays (dips) with high quality factors. We theoretically
and numerically demonstrated that this kind of SAW-based
metamaterial design had great potential for increasing the
sensitivity toward small amounts of nanoparticles [33].

Following this hypothesis, we build an experimental Love-
wave-based platform that exploits micropillar resonances
to enhance the sensing performance. The device is com-
posed of two interdigital transducers for the excitation and
detection of the Love waves, with a guiding layer and
micropillars made of a polymeric photoresist. The inter-
action between Love waves and the pillars is characterized
both numerically and experimentally. We then investigate
the evolution of the resonance frequency of the pillars as a
function of temperature to validate our experimental pro-
tocols and verify the limits of the utilization of the system.
Finally, we conduct three different experimental sensing
tests: water-droplet volume detection, sugar concentra-
tion in water, and polystyrene microbeads concentration in
solution.

I1. MICROPILLARS-BASED LOVE-WAVE
SENSOR

Our system is a Love-wave-based platform made of
an epoxy (SU-8) guiding layer on top of a lithium nio-
bate Y436° cut (LiNbO3 Y-+36°) piezoelectric substrate
(Love-wave velocity of 3990 m/s). The guiding layer is
deposited on top of the interdigitated electrodes (IDTs) and
used for the excitation and detection of Love waves. The
spacing between successive IDT fingers is 70 um, which
leads to an operating frequency of 35 MHz. A hardbak-
ing process is applied to the SU-8 guiding layer by heating
up the device to 150°C for 20 min. A square lattice of
cylindrical micropillars is fabricated on top of the guiding
layer between the IDTs in the propagating path of the Love
wave. The pillars are made of SU-8 photoresist material,
the same as the guiding layer. A schematic representation
of the device is presented in Fig. 1(a). The SU-8 pillars can
also be hardbaked through the same process as the guiding
layer.

To gain insights into the interaction of Love waves
with a micropillar, numerical simulations are carried out
using the commercial software COMSOL Multiphysics. We
first determine the resonance frequencies of a single SU-
8 micropillar by performing an eigenfrequency study. For
this, it is essential to characterize the elastic parameters
and geometry of the micropillar, as it is expected that
hardbaking will not only affect its stiffness but also its geo-
metrical size. We characterize the Young’s modulus of the
SU-8 photoresist using nanoindentation [48—50]. The tests
present a Young’s modulus of 5.12 GPa for nonhardbaked
SU-8, while this value rises to 5.56 GPa after hardbak-
ing. We fabricate pillars with a mean diameter of 4 um
and a height of 4.5 um before hardbaking. After hardbak-
ing, the pillars’ mean diameter and height are reduced to
3.5 and 4 um, respectively, which corresponds to a reduc-
tion of almost 32% of their volume. The eigenfrequency
simulation shows that, below 80 MHz, the pillars essen-
tially have two kinds of resonance modes: a flexural and a
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(a) Schematic view of the complete device. Computed Love-wave transmission spectrum for nonhardbaked (blue curves)

and hardbaked (red curves) SU-8 pillars around the resonance frequencies of flexural mode (b) and torsional mode (c). Displacement
field amplitudes for nonhardbaked [(d), (f)] and hardbaked SU-8 pillars [(e), (g)] for flexural [(d), (¢)] and torsional mode [(f), (g)].

tortional vibration located at 32.2 and 66.4 MHz, respec-
tively, for the case of nonhardbaked pillars, while these
modes shift to 34.4 and 73.4 MHz, respectively, for the
hardbaked pillars. To be able to observe the tortional-mode
resonance with our device, we can either modify the oper-
ating frequency of the IDTs or change the dimensions of
the pillars. For instance, the height of the pillars must be
increased to 10 um to lower the torsional-mode resonance
frequency at 35 MHz.

To study the Love-wave interaction with the pillars, we
conduct transmission simulations in the frequency domain
by using COMSOL with the same modeling process as
that described in our previous work [33]. Figures 1(b)
and 1(c) present the results of the transmission spectra
for the two cases of hardbaked and nonhardbaked pil-
lars around the frequencies of the flexural and tortional
resonance modes. For the nonhardbaked pillar, the trans-
mission spectra shows an attenuation of the Love wave
with a dip at 32.2 MHz, corresponding to an excita-
tion of the flexural mode, with an attenuation of 4 dB
and a quality factor of 82 [blue curve in Fig. 1(b)]. The
torsional mode creates a dip at 66.44 MHz with an atten-
uation of 17 dB and a higher quality factor of 229 [blue
curve in Fig. 1(c)]. In the case of the hardbaked pillars,
we observe a shift of the attenuation dips toward higher
frequencies. The flexural mode’s resonance frequency is
located at 35.03 MHz, while that of the torsional mode is
at 72.82 MHz [red curves in Figs. 1(b) and 1(c), respec-
tively]. In addition, the attenuations of the Love waves

for the two resonance modes of the hardbaked pillars are
higher than the attenuations produced by the nonhardbaked
pillars. For the flexural mode, the attenuation is slightly
increased to 4.75 dB and the quality factor reaches 90,
while the attenuation is increased to 25 dB for the tor-
sional mode, and the quality factor is estimated to be
809.

Figures 1(d)—1(g) present the wave fields of each case of
the resonance modes for the hardbaked and nonhardbaked
pillars. As we are dealing with Love-wave propagation,
we represent the transverse-displacement field in the sub-
strate (u,), while we plot the total displacement field
lall = (Jue|® + |uy|* + |u:]*)/? in the pillar at the reso-
nance frequencies. The maximum displacement field on
the pillar is located on the very top of the structure for
the two modes. In all four subfigures Figs. 1(d)}-1(g), we
can clearly observe that the transmitted wave is attenuated
at the resonances. The attenuation is barely distinguish-
able for the case of flexural modes between the hardbaked
and nonhardbaked cases when looking at the displacement
fields [Figs. 1(d) and 1(e)], while we can see that, for the
case of the torsional mode, the wave is strongly attenuated
when the pillar is hardbaked [Figs. 1(f) and 1(g)]. Further-
more, for the case of the hardbaked pillars, we can clearly
observe that the maximum of the displacement-field ampli-
tude in the pillar is 10 times higher than the amplitude of
the Love wave for the flexural mode [Fig. 1(e)]. In contrast,
this amplitude ratio reaches 80 for the case of the torsional
mode [Fig. 1(g)].
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(a) Deposition of gold IDTs on a LiNbOj substrate. (b) Spin-coating deposition of SU-8 photoresist (10 um thickness) where

the electrical contacts are liberated by a photolithography process. (¢) SU-8 resist is hardbaked by heating the substrate to 150 °C for
20 min. (d) Spin-coating deposition of SU-8 photoresist (5 um). (¢) Photolithography process to obtain a lattice of pillars between the
IDTs. (f) Pillars are hardbaked by heating the device to 150 °C for 20 min.

We also calculate the elastic band structure for the case
of a square lattice of pillars on the surface of the SU8
guiding layer on LiNbOj3;, where the coupling between
the resonant modes and the Love wave is depicted in
Appendix A.

I1I1. SAMPLE FABRICATION AND
EXPERIMENTAL CHARACTERIZATION

To generate the Love wave, we use a LiNbO; Y+36°
substrate on which the IDTs, guiding layer, and pillars
array are deposited. For IDTs deposition, we use spin-
coated AZ 5214 E reversal photoresist (product by Merck)
at 3000 rpm to obtain a 1.6-um-thick layer of resist. Then
we expose the substrate to a dose of 55 mJ/cm? with a
MJB4 mask aligner (SUSS MicroTech) and chemically
developed it to pattern the IDTs at 144-um wavelength.
Then we evaporate a bonding layer of 10 nm of titanium
and 150 nm of gold. Finally, we remove the photoresist
using Remover 1165 (Microposit) to release the electrodes.
Regarding the guiding layer, we spin-coat two successive
layers of SU-8 2005 photoresist over the IDTs at a speed
of 2500 rpm to obtain a final layer of 10 um thick after
exposure (130 mJ/cm?) and development. The mask used
in this step allows us to release the electrical contacts from
the SU-8. Then we hardbake the SU-8 layer at 150°C
for 20 min. This step increases the rigidity of the poly-
mer and makes it more resistant to solvents. However, it
reduces the thickness of the guiding layer by around 11%.
The final step is to build the pillars on top of the guiding
layer. We use a direct photolithography process on the SU-
8 photoresist. We spin-coat a layer of SU-8 2005 with the
same parameters as the deposition of the guiding layer, and

we expose it to obtain a matrix of pillars (100 mJ/cm?).
The obtained pillars are 4.5 um high and 4 ym in diam-
eter with a periodicity of 9 um. The hardbaking step is
performed by heating the devices at 150 °C for 20 min,
which reduces the height and diameter of the pillars to 4
and 3.5 um, respectively. The fabrication steps are summa-
rized in Fig. 2. Figure 3(a) presents the fabricated device
and scanning-electron-microscope images of the lattice of
pillars.

For the electrical characterization of the device, we
connect the samples to a probe station (PM5 SUSS
MicroTech) linked to a spectrum analyzer (VNA Agilent-
N5) to generate the waves. We connect the first probe to
the first set of IDTs to apply a sinusoidal voltage, while the
second probe measures the resulting signal at the second
set of IDTs. As we work with a delay-line configuration,
we use the S12 parameter for electrical characterizations,
representing the electrical power transferred from port 2
to port 1 [51-53]. The probe station is equipped with a
temperature-controlled sample holder, and the measure-
ments are conducted under a fixed temperature of 30 °C to
limit the fluctuation of ambient temperature. The spectrum
analyzer allows automatic signal processing by selecting a
temporal range for the transmitted signal before Fourier
transform to smoothen the response. We exclude from
the temporal signals the periods that do not correspond
to the acoustic waves, and the time range chosen for the
experiments is between 320 ns and 4 us to exclude electro-
magnetic noises and retain all the information associated
with the first mode of the Love wave.

The frequency spectra of the device responses are plot-
ted in Fig. 3(b) for two types of samples: without pillars
(black curve) and with hardbaked pillars (red curves).
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(a) Images of the device recorded with a scanning electron microscope to show the array of pillars on different scales.

(b) Experimental frequency spectrum of Love-wave transmission without pillars (black curve) and with hardbaked pillars (red curve).
(c) Phase of transmitted signals as a function of the frequency for the sample without pillars (black curve) and with pillars (red curve).
(d) Evolution of the resonance dip as a function of the temperature. (¢) Linear dependency of the resonance frequency with temperature.
The dots are measurements of the position of the dip with error bars, and the red line is the linear regression curve.

For the case without pillars (black curve), one can observe
the central lobe associated with the excitation of the Love
wave by the delay lines delimited by the dips of low
transmission at 32.5 and 38.5 MHz.

For the sample with hardbaked pillars (red curves), an
additional dip is depicted at the central lobe at 34.47 MHz,
which is created by the excitation of the flexural vibra-
tion of the pillars. We also present in Fig. 3(c) the phase
of the transmitted signal (S21 parameter) as a function of
the frequency, where we can observe a phase jump of 7
at 34.47 MHz associated with the resonance of the pil-
lars. Furthermore, the tendency of the measured resonance
frequency closely corresponds to that found in the simula-
tions. So, we can safely assume that the dip corresponds to
the flexural resonance of the pillars. Additionally, we study
the effect of the hardbaking process on the resonance dip
by investigating the transmission signals for pillars with
and without the hardbaking process, and the discussion is
provided in Appendix B. Furthermore, we also experimen-
tally study the effect of changing the pillars heights on their
resonances (see Appendix C).

IV. SENSING EXPERIMENTS

The sensing performance of our device is tested for
the detection of temperature variation, mass loading, sugar
concentration, and polystyrene microbeads concentration.
In these investigations, we use the hardbaked pillars, as
they offer a high quality factor in the observed resonances
(see Appendix B).

A. Temperature sensing

To observe the effect of temperature on the position of
the resonance, we heat the substrate from 30 to 60 °C and

measure the resonance frequency 9 times with a gradual
increase and decrease in temperature. The measurements
show that the resonance frequency of the pillars decreases
with the increase in temperature [Fig. 3(d)]. The qual-
ity factor of the flexural resonance increases up to 45 °C
then decreases. This effect can be explained by the com-
mon variation in the Young’s modulus and the viscoelastic
modulus of the hardbaked resin [54]. The frequencies
reported during the increase and decrease in temperature
overlap closely over the chosen range of temperature.
Therefore, no hysteresis phenomenon will degrade the
device after heating, which makes the device suitable for
its utilization as a temperature sensor. The evolution of
the resonance frequency shift with temperature is linear
(coefficient of determination of R?>=0.993) with Af =
0.00795536AT + 34.705 MHz, which leads to a sensi-
tivity of 229.23 ppm/K [Fig. 3(e)]. Table I provides a
comparison between the sensitivity of our device and that
of other SAW sensors in the literature providing high sen-
sitivity for both Rayleigh- and Love-wave-based devices.
Our device enables temperature sensing using Love waves
with very high sensitivity.

B. Droplet-size sensing

To investigate the mass sensitivity of our device using
the localized resonant mode of the pillars, we deposit
microdroplets of distilled water on the pillar lattice using
a micropipette. We acquire the signals for a set of droplet
volumes from 2 to 7 ul, while maintaining a temperature of
30 °C [Fig. 4(a)]. Above 7 ul, the droplet size exceeds the
pillars matrix surface, so it becomes irrelevant to increase
the droplet size further. The device is dried between each
measurement by increasing the temperature to 60 °C for
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TABLE I. Comparison between the sensitivity of our device and that of existing studies.
Operating Sensitivity Temperature
Type of wave Substrate frequency (MHz) (ppm/K) range (°C)
Peng et al. [55] Rayleigh Langasite 226 105 68-73
Xu et al. [56] Rayleigh Langasite 408 167 —60 to 700
Ye et al. [57] Rayleigh LiNbO3/YZ 437 79 0-80
Ye et al. [57] Rayleigh LiNbO3/128°YX 497 66 0-80
Hu et al. [58] Love Polymethyl methacrylate on ST-cut quartz e 0.75 25.6-27.6
Jakoby et al. [59] Love SiO, on AT-cut quartz 90; 115 50 3045
Huang et al. [60] Love Carbon-fiber 126.6 25-55
epoxy fiber on
Mn:PIN-PMN-PT
This work Love SU8 on LiNbO3 34.5 229.23 25-60

a few minutes until the water evaporates completely. The
measurement results are shown in Fig. 4(b). We observe
that the resonance frequency shifts towards low frequen-
cies and the quality factor decreases with the volume of
water added. This impact on the quality factor is due to
the number of pillars covered by the droplet. Indeed, in
addition to spreading the mass over a larger number of pil-
lars, the viscosity of water will also impact more pillars.
A greater number of pillars will disperse part of the wave
energy into water, which is associated with a greater total
energy loss and, therefore, a lower quality factor. Addi-
tionally, we observe that the resonance-frequency shift
is linearly dependent on the volume of the droplet and,
therefore, on the mass of deposited water.

C. Sugar-concentration sensing

To get closer to the experimental conditions of biode-
tection tests, we reproduce the same protocol as that in
the previous section by fixing the droplet volume to 2.5 ul
and using different solutions of sugar diluted in distilled
water. The droplet is deposited on the pillars array, and
a signal acquisition is performed. Between two measure-
ments of solutions with different sugar concentrations, we
rinse the sample with distilled water and dry it by heating
it to 60 °C for a few minutes until all the water is evap-
orated. We test solutions with sugar concentrations from
0.1 to 20 mg/ml. The transmission curves around the res-
onance frequency of the pillars are shown in Fig. 4(c). We
see that the frequency shifts toward lower frequencies as
the concentration of sugar is increased. At the same time,
we observe that the shape of the absorption dip changes.
Its width decreases as the concentration increases, while
the attenuation drops, resulting in an increase of the quality
factor. This effect can be attributed to the variation of the
viscosity with concentration. The viscosity of the solution
is increasing from 0.89 mPa.s for the droplet of pure water
(without sugar) to an estimated value of 1 mPa.s for the
maximum concentration of 20 mg/ml [61-63]. We have,

in this case, a combined influence of mass and viscosity on
the resonance frequency that cannot be differentiated.

D. Sensing polystyrene microbeads in aqueous solution

To test the limit of detection of the system, we prepare
several solutions of polystyrene microbeads with a mean
diameter of 1 um (Merck) to measure only the mass varia-
tion. The solutions have mass concentrations between 0.2
and 100 ug/ml. We use the same protocol for the mea-
surements and rinsing of the device and repeat the mea-
surements 11 times for each solution with a chosen con-
centration. The results of the frequency shift as a function
of microbeads concentration are presented in Fig. 4(d). As
previously, we observe that the frequency shifts towards
lower frequencies with an increase of the concentration of
the microbeads. Furthermore, unlike what is observed with
sugar solutions, the shape of the dip is conserved at low
concentrations (below 12.4 ug/l). In fact, we can observe
that the shape of the dip changes drastically for concen-
trations higher than 12.4 pg/ml. In addition, the resonance
frequency shifts to higher frequencies for concentrations
higher than 25 g/ml and becomes almost constant above
100 pg/ml. This effect is caused by the saturation in detec-
tion. Indeed, the density of polystyrene is close to that of
the SU-8. For high concentrations, the apparent geometry
of the resonators will be modified because of the deposition
of microbeads on the pillars. Consequently, the apparent
diameter of the pillars is increased, causing an increase
of the resonance frequency. Figure 4(e) shows a linear
evolution of the shift in frequency with the concentra-
tion of the microbeads in suspension in the droplets, up
to 25 ug/ml. To calculate the sensitivity of our device, we
first estimate the frequency change rate, Af/fy, where Af
is the frequency shift induced by a given concentration of
microbeads, cng, within the microdroplet volume, V. As
we fix this volume to V' = 2.5 ul, the microdroplet covers
an active surface of o = 5.12 mm?. The sensitivity can be
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(a) Image of the device with a droplet of microbeads solution deposited on top of the pillars array. Experimentally measured

frequency shifts of the pillars resonances as a function of the volume of the droplet (b), the concentration of sugar in a microdroplet
with a volume of 2.5 z (c¢), and the concentration of polystyrene microbeads (d).

estimated by,

o

s=(5%)
Jo

For a concentration of cxg = 24.8 pg/ml, we have a fre-
quency shift of Af =92.25kHz from the central fre-
quency fy = 34.5745 MHz associated with a solution of
pure water (zero concentration of microbeads). The sen-
sitivity of our device is estimated to be 220.3 m? kg~
For the considered ratio of the guiding-layer thickness
over the operating wavelength, d/A =~ 0.07, this sensitiv-
ity value is 1 order of magnitude higher than that reported
in the literature for Love-wave-based sensors using only
IDTs [64].

CNB V

V. CONCLUSION

Using a polymeric SU-8 photoresist, we fabricate an
array of pillars on top of the guiding layer of a Love-
wave-based sensor. The interaction between the Love
waves and the natural resonances of the pillars produces
sharp attenuations in the frequency spectra. By leverag-
ing these resonances, we show that the sensor becomes
more sensitive to temperature changes with a sensitivity
of 7.96 kHz/°C. The sensor can also detect mass depo-
sition of droplets on the pillars array. The device shows
a linear evolution of the frequency shift with the mass
deposition of polystyrene microbeads with a high sensitiv-
ity of 220.3 m? kg~! for concentrations below 25 pg/ml,

which corresponds to 62.5 ng. This study offers experi-
mental evidence of temperature and mass detections using
localized resonances of the micropillars. These resonances
are also affected by the viscosity of the liquid environment,
so further investigations are to be conducted to separate the
contributions of mass and viscosity. The present demon-
stration could open routes for future SAW-based sensing
platforms with high sensitivity achieved by introducing
and tailoring the pillars on the surface.
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APPENDIX A: BAND STRUCTURE

Figure 5 presents the acoustic band structure of the
square lattice of pillars deposited on the surface of the SU8
guiding layer on the LiNbO; substrate. We indicate the
sound line that separates the SAW from the bulk waves.
As this type of SAW device supports both Rayleigh and
Love waves, we focus only on Love waves by distin-
guishing the bands that have a dominant u, displacement-
component amplitude. This is done by evaluating the
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FIG. 5. Left panel, calculated band structure for the lattice
of pillars on the SU-8/LiNbO; substrate. Gray-blue scale indi-
cates the modes that have a dominant displacement component,
u,, amplitude in the direction perpendicular to the sagittal plane

[Eq. (A1)]. Right, displacement fields of the resonant flexural and
torsional modes at the X point of the Brillouin zone.

following expression for each band [65]:

- Syl P

u, =
Y 2 2 22
fy|“x| +|uy| + |u|

(AT)

where the integral is taken over the volume of the guiding
layer and the substrate in the considered unit cell.

The gray-blue color scale in the band structure indicates
the modes with dominant u, displacement-component
amplitude. We can clearly distinguish the coupling
between the Love-wave band and the resonance flexural
mode F, at 35.4 MHz and torsional mode T at 72.2 MHz.
The flexural resonance mode F'; vibrates along the x
direction, so it cannot be excited by Love waves.

APPENDIX B: COMPARISON BETWEEN
NONHARDBAKED AND HARDBAKED PILLARS

The frequency-spectrum responses are plotted in Fig. 6
for three types of samples: without pillars (black curve),
with pillars before hardbaking (blue curve), and with hard-
baked pillars (red curve). The pillars here have an average
height of 4.2 um and an average radius of 3.5 um. The
shape of the signals remains globally the same for the
three samples, but one can observe that an attenuation dip
appears for the case of samples with pillars around a fre-
quency of 32.5 MHz. These dips are associated with the
excitation of the flexural vibration of the pillars. For the
case of nonhardbaked (NHB) pillars (blue curve), the dip
is located at 32.47 MHz with an attenuation of 20 dB.
The quality factor for this resonance is estimated to be
Onus = 120. Meanwhile, the frequency spectrum for the

)
z
c
Re)
0
R
€
1)
c
©
= w/o pillars
~75 1—— with SU-8 pillars .
41— With hardbaked SU-8lpillars
-90 — 1 r 1 r 1+ 1 1

26 28 30 32 34 36 38
Frequency (MHZz)

FIG. 6. Experimental frequency spectrum of the Love-wave
transmission without pillars (black curve) and with SU-8 pillars
without (blue curve) and with a hardbaking process (red curve).

sample with hardbaked (HB) pillars (red curve) displays
the dip at slightly higher frequency, 32.65 MHz, with a
significant increase in the attenuation to 60 dB as well
as for the quality factor, Oup=>510. The shift of the res-
onance frequency to higher values by the hardbaking is
expected because the dimensions of the pillars are reduced.
In addition, since the guiding layer is hardbaked before the
deposition of the pillars, there is an acoustic impedance
mismatch between the guiding layer and the nonhard-
baked pillars. This explains why the attenuation is higher
in the case of the hardbaked pillars in comparison to the
nonhardbaked-pillars case. The impedance match between
the hardbaked pillars and the guiding layer favors the
strain-energy transmission carried out by the wave into the
pillars. This phenomenon is accompanied by an increase in
the quality factor as well.

APPENDIX C: PILLARS RESONANCES AS A
FUNCTION OF THEIR HEIGHTS

We study the effect of the pillars heights on the mea-
sured dip of the flexural resonance by comparing two
samples with different pillars heights. The first sample,
associated with the measurements in Fig. 3(b), has pillars
with a height of 4 um with a resonance frequency mea-
sured at 34.47 MHz, while the second sample presented in
Fig. 6 has pillars with a height of 4.2 ym with the same
radius and a measured resonance frequency of 32.5 MHz.
In Fig. 7, we compare the numerical and measured reso-
nance frequencies as a function of pillars height. We can
clearly deduce that the increase in the pillars height shifts
the resonance frequency to lower values with almost the
same tendency in the experimental and numerical results.
The slight difference between the theoretical results and
the experimental ones is most likely due to the fact that
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FIG. 7. Resonance frequency of the pillars as a function of
pillar height and numerical (blue squares) and experimental
measurements (red circles).

the fabricated pillars are not perfectly cylindrical in shape
[see Fig. 3(a)].
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