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ABSTRACT

We present a design of a pillared phononic crystal based structure for Love wave manipulation to achieve high mass sensitivity.
The structure is made of phononic micro-pillars constructed by stacking tungsten and SiO, layers, distributed on a substrate
designed for Love wave propagation. The multilayered pillar allows the creation of bandgaps, which leads to the existence of res-
onant modes where the elastic energy is confined within the SiO, free surface layer of the pillar. We study particularly a resonant
mode where this layer exhibits torsional mechanical motion which can only be excited by shear horizontal surface waves. We
show that Love wave interaction with the torsional mode gives rise to a sharp attenuation in the surface wave transmission spec-
trum with a high quality factor. We also study the variation of the mass sensitivity of the system by evaluating the resonant mode’s
frequency shift induced by a mass perturbation using two theoretical approaches: a perturbation theory based approximation
and a numerical method. The system presents very promising mass sensitivity which provides an interesting approach to increase

the detection performance of Love wave based bio-sensors.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5068681

For decades, we have been witnessing an increasing tech-
nological development of biosensors for multiple applications:
food processing industry, medical field, and also military to
prevent biological attacks. A large set of optical and acoustic
sensors were proposed with a race for sensitivity improvement
to detect a small amount of molecules. Surface plasmon reso-
nance (SPR)' merged as a leading technology for monitoring
molecular binding events, but it has rapidly reached its limits
in sensitivity. Recent progress in micro-fabrication has pro-
moted the development of biosensors based on the concepts
of plasmonic metamaterials®® and optomechanics® which
opened the way toward single molecule detection. In parallel,
surface acoustic wave (SAW) based detection has been
developed where numerous sensing devices were proposed as

@Authors to whom correspondence should be addressed: jeremy.bonhomme@
univ-lorraine.fr and mourad.oudich@univ-lorraine.fr

cost-effective systems for biomolecule detection in real time.”
The molecular binding events on the surface are monitored by
measuring the wavelength shift due to the variation of the sur-
face wave velocity mainly caused by the mass loading in the
sensing layer. The SAW based devices have the advantage of
being miniaturized, embedded in a lab-on-a-chip, and designed
in flexible thin substrates and even to be passive sensors with
wireless excitation and measurement for remote monitoring.”’
However, the sensitivity of the proposed SAW devices is limited
and they are far from competing with recent plasmonic technol-
ogies and taking the challenge of detecting a small amount of
molecules.

In this letter, we introduce an elastic surface for nano-
particle detection with high mass sensitivity. The detection uses
phononic crystal (PC) micropillars as resonators where the reso-
nant modes are excited by Love waves. The latter are used for
chemical and biological sensing as they are well-known to be
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very sensitive to mass loading with weak elastic energy loss in
liquid environments.®” PCs are composite materials highly dis-
persive for elastic waves and can present frequency bandgaps
(BGs) where wave propagation is prohibited.”"" They opened
the way for multiple acoustic applications such as filtering,*"”
sensing,*"** and acoustic wave focusing.””® They are the start-
ing point for the concept of acoustic metamaterials (AM),”’
topological phononics,” and zero-index elastic/acoustic meta-
materials™’ which opened numerous possibilities to design sub-
wavelength patterned structures for precise acoustic wave
manipulations that would have been considered impossible to
achieve. Elastic wave control in the ultrasonic regime is of great
importance for sensing and optomechanics. Over the last
decade, the phononic community highly focused their interest
on elastic wave interaction with micro-pillar shaped resonators.
The coupling between elastic waves and the resonant modes
of individual pillars can be used to produce elastic BG at a
sub-wavelength scale®”™ or to generate propagating elastic
waves by exciting the resonant modes of the pillars.”
Outstanding studies have been conducted for both Rayleigh and
Love wave interaction with pillars.”” ™’ The coupling between
SAW and the pillar resonant modes occurs below the sound
cone which limits the energy leakage into the bulk substrate
through SAW-to-bulk wave’s conversion. Elastic energy carried
by SAW can also be confined or guided within a chain of micro-
pillars for instance.”’ However, there has been no investigation
on the performance of the pillar based SAW structure for parti-
cle or molecular sensing although many groups in the phononic
and AM communities highly believe in their potential for
sensing.”

In this work, we investigate theoretically the mass sensitiv-
ity of the AM based Love SAW (LSAW) structure which typically
consists of resonant pillars with a spectrally narrow band
response and a high local field concentration. Each pillar is a
phononic structure composed of successive tungsten and silica
layers, which has the ability to create BG where highly confined
resonant modes can be designed for instance at the surface of
the pillar or in a cavity inserted in the multilayered pillar.*"** We
first introduce a one-dimensional multilayer PC made of succes-
sive layers of silica (SiO,) and tungsten (W) where all the layers
have the same thickness h=3 um and diameter d=6 pm [Fig.
1(2)]. Using the finite element (FE) method, we calculated the
band structure (BS) along the periodicity, i.e., k, direction, for
the infinite pillar reduced to a unit cell with periodic boundary
conditions. The BS shows the existence of three BGs ranging
from 167 MHz to 297.5 MHz, from 317 MHz to 360 MHz, and from
368.5 MHz to 388.5 MHz [Fig. 1(b)].

From the infinite PC, we consider a phononic pillar made of
five layers with the SiO, layer on its both ends [Fig. 2(a)]. We
have recently shown that this kind of pillar can give rise to reso-
nant modes where the mechanical vibrations are confined either
at the surface of the pillar or in the layers in contact with the
substrate.”' The pillar is deposited on a substrate where LSAW
can be generated to interact with the resonant modes. To pre-
sent the results in the frame of a realistic structure, the sub-
strate is made of a 90°-Z-rotated ST-cut quartz (90STQ)

scitation.org/journal/apl
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FIG. 1. (a) Phononic pillar made of alternating SiO, and W layers. (b) The
band structure calculated along the k, direction for h = hy = hsjp, = 3 um and
d=6 um.

covered by a silica film with a thickness of 4.2 ym. We investigate
the LSAW interaction with one row of phononic pillars by per-
forming transmission calculations using the model presented in
Fig. 2(a). We consider a unit cell along the y axis with periodic
conditions to model the infinite repetition of the system. The
distance between two adjacent pillars in the y direction is 7 um.
Except the upper surface which is free, we use perfectly
matched layers (PMLs) at the boundaries of the domain model-
ing the substrate as shown in Fig. 2(a) to avoid the Love and bulk
wave reflections. To generate the LSAW, the excitation was per-
formed by applying a voltage on surface boundaries as IDT elec-
trodes between the quartz substrate and the SiO, guiding layer
[Fig. 2(2)]."*"* Based on our recent work,”"** an optimization
process was conducted upon the thickness of the bottom SiO,
layer of the pillar in contact with the substrate. The purpose of
this process is to avoid the overlapping of the frequency bands
of localized modes where the elastic energy is confined on the
bottom and upper layers of the pillar. Figure 2(b) presents the
transmission spectra where the SiO, and W layers in the pillar
have the same thickness (3 um) except for the bottom layer
which is chosen to be 1um thick [Fig. 2(a)]. The transmission
curve shows two sharp dips in the amplitude of the total dis-
placement field, which occur at around 244 MHz and 250 MHz
where the LSAW attenuation reaches 54% and 90%, respec-
tively. At these two frequencies, we plot in Figs. 2(c) and 2(d) the
total displacement field in the phononic pillar as well as the u,
component in the substrate which is the main component of the
LSAW. For the sake of clarity, we also represent the displace-
ment field shape (with an appropriate scale factor) for each
point of the pillar at the same instant of time chosen for uy(x, t)
in the substrate. We can clearly deduce that the dips originate
from the excitation of resonant modes within the top free SiO,
layer on the pillar where the mechanical energy is mainly
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confined and the maximum of the displacement field amplitude
is located. This amplitude quickly decays along the first top
SiO,/W layers in the pillar with almost no vibration in the bot-
tom layers. This behavior can be explained by the presence of
the BG which prohibits propagation along the whole pillar.
Furthermore, we can observe from Figs. 2(c) and 2(d) that the
first mode, denoted F at 244 MHz, displays flexural mechanical
vibrations on the free SiO, layer in the pillar, while the second
mode, denoted T at 250 MHz, has torsional strain. The coupling
between the LSAW and the resonant mode T appears to be
stronger than the case of mode F as the attenuation is higher for
mode T. In fact, when analyzing the mechanical vibration ampli-
tude in the pillar, the maximum of the displacement field ampli-
tude in the pillar is two orders of magnitude higher than the
amplitude of LSAW in the case of mode T, while this ratio is only
one order of magnitude for the flexural resonant mode F. The
two dips experience high mechanical QF which reaches 2250

medium. The particle binding on the PC micro-pillar modifies
locally its mechanical properties, which results in a frequency
shift of the resonant mode due to the contribution of the par-
ticle’s mass o, and the mechanical stiffness. In this study, we
suppose that the particle size is very small compared to the pil-
lar’s dimensions so that only the mass inertia of the particle is
considered upon the resonator. We have used two theoretical
methods to evaluate the resonance frequency shift. The first

¢ FEM
Perturbation theory ©

and 8.3 x 10* for modes F and T, respectively. The torsional reso-

nant mode T presents an interesting mechanical energy con-
finement with high QF, which could be very promising for
sensing application for instance. This confinement is due to the
amount of the strain energy carried by the LSAW which is trans-
ferred into the top of the pillar. The resonant mode is then
excited so that the high mechanical vibration amplitude is
depicted in the top layer. One can consider this layer as a pho-
nonic cavity where the elastic energy can be stored and scat-
tered back along the pillar into the substrate. This mechanism
results in a LSAW dip (transmission loss) in the transmission
spectrum in a narrow band corresponding to the localized reso-
nant mode.

In the following, we investigate the mass sensitivity of tor-
sional mode T by introducing a simple theoretical approach.
Figure 3(a) illustrates the schematic view of the sensing model
where a particle of mass d,, can be detected when it is attached
to the pillar's surface at position r; from the surrounding

1 2 30 1 2 3
Position x; B Position z; c
©

i Perturbation theory %0
20 - g E o FEM

T T '60 T
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FIG. 3. (a) Schematic representation of the mass perturbation for a punctual mass.
(b) and (c) Frequency shift of the torsional mode along the paths [AB] and [BC] in
the pillar calculated using the perturbation theory (solid line) and the FEM based
numerical method (red diamond scatters). (d) Transmission calculation for the case
without (blue dashed line) and with mass perturbation (red solid line). (e)
Frequency shift of mode T as a function of the particle number N. Comparison
between the perturbation theory and numerical simulations.
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one is a semi-analytical formula based on the perturbation the-
ory.*>*% The fractional frequency shift for a small size particle
(less than 100 nm such as a virus) positioned at r; is given by the
following formula:
2
u(ri
iﬁo:?ém I mnz | 0
2| plulfao
\
where o is the angular frequency, u is the displacement field,
and the integral in the denominator is taken over the whole vol-
ume of the resonator which contains the overwhelming majority
of the elastic energy.

Meanwhile, for a large amount of molecules distributed
over the pillar’s surface over random locations, we account for
them by summing the single contribution (1) over a number of N
randomly located molecules and turn the discrete sum into inte-
gral over the surface

2
j JuPds
= —0m0o S

oo _ st
o 2| plufPao
\%

)

where ¢ = N/S is the molecule surface density. The displace-
ment fields in formulas (1) and (2) are for the unperturbed state,
and they are calculated numerically using the eigenfrequency
solver in Comsol Multiphysics® for the torsional mode.

The second method considered for the mass sensitivity
estimation is numerical where the mass effect for a single mole-
cule is evaluated by introducing the following point force:*’

Fi = dmo’u(r;). (3)

For N molecules distributed on the surface of the pillar, a force
per unit area is applied using the expression

Fs = dpoa’u. )

In this study, the particle is considered as a rigid mass and we
neglect the effect of its stiffness on the pillar as its size is way
smaller than the dimensions of the pillar and the strain associ-
ated with the torsional mode. The mass was added in the model
by using the weak contribution option in Comsol.

For the calculation, we consider for instance a typical mass
of a virus cell &, = 1.15fg (approximate mass of an HIV-1 virus*®)
attached on a point r; and we looked for the eigenfrequencies of
the localized torsional mode. By taking into account the symme-
try of this mode upon the displacement field and strain [see Fig.
2(d)], we can study the mass effect for positions r; at the surface
of the top free layer of the pillar along the radial path indicated by
[AB] in Fig. 3(a) and along a line in the lateral curved surface indi-
cated by path [BC] in the same figure. Figures 3(b) and 3(c) display
the T mode’s frequency shift caused by the mass d, as a function
of its positions x; and z; described in Fig. 3(a) along paths [AB] and
[BC], respectively. The green solid curve and the red diamond
scatters are the results given by the first order perturbation the-
ory formula (1) and FEM [expression (3)], respectively. One can
clearly see from Fig. 3(b) that the frequency shift is almost zero at

scitation.org/journal/apl

point A and decreases to reach its maximum absolute value of 2.7
kHz at point B. The negative sign indicates that the mode’s fre-
quency shifts down to lower frequencies. This can be expected
when looking closely into the mechanical motion of the torsional
mode where the displacement field is zero at the center and max-
imum in the circumference of the SiO, cylindrical layer. In Fig.
3(c), the frequency shift becomes zero at the interface between
the top SiO- layer and the W layer (point C), which is expected
since the elastic energy is confined within the top SiO, layer of
the phononic pillar. We can also clearly deduce that the semi-
analytical formula (1) and the FEM model give the same results.
Besides, we plot in Fig. 3(d) the LSAW transmission through a row
of pillars where the blue curve presents the resonance dip caused
by the T mode without the mass and the red curve the transmis-
sion for the case where the mass on, is attached to the pillar at
point B where the maximum frequency shift is expected. We can
clearly see the shift of the mode’s dip into lower frequencies by
almost 2.7 kHz which corresponds to the shift result predicted
from the eigenfrequency calculation.

Meanwhile, for the case of an amount of N particles distrib-
uted homogenously in the pillar’s entire surface, Fig. 3(e) displays
the frequency shift of the T mode as a function of the particle
number N using the perturbation theory and the numerical
method presented by the solid line and circles, respectively.
Both methods give the same frequency shift result up to 3 x 10*
particles where it reaches approximately —15 MHz, and then,
the two results become significantly different. The linear for-
mula (2) derived from the first order perturbation theory
becomes no longer valid for N higher than 3 x 10* so that higher
orders must be considered to fit the numerical curve.

The phononic crystal pillar undergoes interesting mechani-
cal behavior which can be used for elastic wave manipulation.
The phononic BG allows the existence of resonant modes local-
ized within the top layer of the pillar which can be efficiently
excited by LSAW. The elastic coupling can be depicted in the
LSAW transmission spectrum as a narrow band sharp decay.
Particularly, the LSAW can be used to excite a torsional mode in
the pillar depicted in the transmission spectrum as a dip with
high QF. This mode presents an interesting mass sensitivity for
single-particle detection which is evaluated by two theoretical
approaches: a perturbation theory based approximation and a
FEM based numerical method. From a practical point of view,
the pillar surfaces can be functionalized to be able to capture
the targeted molecule (virus, DNA, protein ...). The surface
chemistry allows adding bioreceptors on the top and sides of
the cylinder where the molecule can be attached. The effect of
the chemical layer on the bioreceptors is not considered in this
study. But it should have the same effect as a uniform repartition
of mass along the cylinder, and so, it will shift the resonant fre-
quency. The system pillar and bioreceptor layer become the
unperturbed system. The molecular binding event can be moni-
tored through a real time observation of the mechanical fre-
quency shift of the PC resonant modes in the LSAW spectrum.
This mechanical system can be used to introduce a future sens-
ing approach using PC in LSAW based devices to increase the
performance of nano-particle and bio-molecule sensing.
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