. crystals

Article

A Biosensor Based on Bound States in the Continuum and Fano
Resonances in a Solid-Liquid—-Solid Triple Layer

Tlyasse Quotane !, Madiha Amrani !, Cecile Ghouila-Houri 2, El Houssaine El Boudouti *
Leonid Krutyansky 23, Bogdan Piwakowski 2, Philippe Pernod 2, Abdelkrim Talbi 2
and Bahram Djafari-Rouhani *

check for
updates

Citation: Quotane, I.; Amrani, M.;
Ghouila-Houri, C.; El Boudouti, E.H.;
Krutyansky, L.; Piwakowski, B.;
Pernod, P; Talbi, A.; Djafari-Rouhani,
B. A Biosensor Based on Bound States
in the Continuum and Fano
Resonances in a Solid-Liquid-Solid
Triple Layer. Crystals 2022, 12, 707.
https://doi.org/10.3390/
cryst12050707

Academic Editor: Bernard Bonello

Received: 27 April 2022
Accepted: 12 May 2022
Published: 16 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Laboratoire de Physique de la Matiere et de Rayonnement (LPMR), Département de Physique,

Faculté des Sciences, Université Mohammed I, Oujda 60000, Morocco; q_ilyasse@yahoo.com (1.Q.);

ml.amrani@ump.ac.ma (M.A.)

2 Uniw. Lille, CNRS, Centrale Lille, Université Polytechnique Hauts-de-France, UMR 8520-IEMN, LIA LICS,

59000 Lille, France; cecile.ghouila@centralelille.fr (C.G.-H.); leonid.krut@kapella.gpi.ru (L.K.);

bogdan.piwakowski@centralelille.fr (B.P.); philippe.pernod@centralelille.fr (P.P.);

abdelkrim.talbi@univ-lille.fr (A.T.)

Prokhorov General Physics Institute of the Russian Academy of Sciences, 38 Vavilov Str.,

119991 Moscow, Russia

4 Institut d’Electronique, de Microélectronique et de Nanotechnologie (IEMN), UMR CNRS 8520,
Département de Physique, Université de Lille, 59655 Villeneuve d’Ascq, France;
bahram.djafari-rouhani@univ-lille.fr

*  Correspondence: elboudouti@yahoo.fr

Abstract: We propose a simple solid-liquid-solid triple layer biosensor platform based on bound
states in the continuum (BICs) and Fano resonances to detect the acoustic properties of liquids and
apply the method to a mixture of water and albumin with various concentrations. The solid-liquid—
solid triple layer is composed of an epoxy as a solid layer and an albumin-water mixture as a liquid
layer, and the entire system is immersed in water. In this work, we show that the structure exhibits a
high sensitivity (S), quality factor (Q), and figure of merit (FOM) with a better detection limit (DL) in
the vicinity of the BICs where the transmission spectra exhibit Fano resonances. The Fano resonances
shift towards high frequencies as the concentration increases. The detection limit can reach very
small values for a small albumin concentration (4.7%). In addition, for a given concentration and
layer thickness of the sensing material, we show the effect of the incidence angle on the efficiency of
the sensor in terms of the sensitivity and quality factor. The proposed structure can be designed from
low-cost material and can be used as a sensor to detect different types of liquids and gases as well.

Keywords: bound states in continuum (BIC); fano resonance; phononic crystal; biosensor

1. Introduction

One of the most prominent applications of acoustic waves is their use in the sensing
field. The interest in sensors based on resonant systems has increased considerably over
the past decade [1,2]. Recently, the interest of studying and developing sensors, partic-
ularly biosensors, has attracted attention in numerous areas, such as optical [3-8] and
acoustical [9-14] biosensors. Biosensors based on surface plasmon resonances are the most
commonly used for protein detection in optics [15,16], but they remain relatively expensive.
Thus, the increasing interest in developing biosensors based on phononic crystals (PCs)
with a high sensitivity has become a competitive alternative to optical biosensors [14,17].
On the other hand, acoustic biosensors use two types of acoustic waves as a detection
mechanism to obtain biophysical and medical information through the sensing material
employed [18,19]: bulk acoustic waves (BAW) and surface acoustic waves (SAW). In BAW
sensors [1,20,21], the acoustic wave propagates throughout the crystal; hence, the sensitivity
is linked to the ratio of the increasing mass to the mass of the entire sensing system. In SAW
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devices [22,23], the acoustic wave propagates parallel and in the vicinity of the surface,
so the sensitivity becomes affected by the ratio of the concentration mass to the mass of
the sensing material where the acoustic energy is confined at the surface of the sensor.
In addition to BAW and SAW sensors, there are other sensors based on the presence of a
cavity by creating a defect inside an arrangement of periodic systems [24-26]. When a wave
propagates through the cavity medium, it responds to the speed of sound and the density
of the sensing material, leading to different resonance peaks for specific cavity properties.

One of the most important features of biosensor devices lies in its sensing in detect-
ing a liquid with its physical properties according to the concentration. In this regard,
Oseev et al. [24] presented a phononic crystal (PC) sensor with a cavity that determines
gasoline properties. Zubstov et al. [25] used a new PC sensor with a normal incidence
of sound to measure the concentration of a liquid mixture. Mukhin et al. [26] studied
theoretically and experimentally a PC liquid sensor based on narrow band composite solid—
liquid structures by varying the inserted liquid. As mentioned above, in most PC liquid
sensors, the mechanism lies in creating a cavity inside a periodic structure, thus breaking
the periodicity of PCs and generating a resonant peak inside the band gap [2,25-28].

In this paper, we present a biosensor based on a simple solid-liquid-solid triple
layer supporting bound states in the continuum (BICs) and Fano resonances. Recently,
we have demonstrated theoretically [29] and verified experimentally [30] the existence of
BICs and Fano resonances in such a triple layer embedded in water. BICs are considered
non-radiative states with corresponding frequencies embedded in a continuum spectrum
with radiative modes [31]. Von Neumann and Wigner were the first to predict the existence
of such BICs in quantum mechanics [32]; afterwards, the study of BICs was extended to
various fields of physics such as optics [31] and acoustics [29,30]. The absence of radiation
loss makes BICs useful for energy localization, leading to a divergence in the quality factor
Q around the BIC frequency.

The novelty of the present study lies in the fact that the proposed acoustic biosensor
based on a solid-liquid-solid triple layer supports BICs where the acoustic energy is well
confined for appropriate geometrical parameters at a specific frequency. A slight change in
the concentration of the substance being sensed results in the change in sensing material
properties, i.e., sound velocity and density; hence, the BIC transforms into a quasi-BIC
in the shape of a Fano resonance. As the concentration increases, the sensor identifies
those changes by shifting the Fano resonance position. We also investigated the impact of
changing the angle of incidence on the sensor efficiency. In addition, in PC sensors, usually
researchers increase the number of unit cells surrounding the cavity to increase the quality
factor of the localized mode [33]. In contrast, in our work, the size of the structure was
kept small because the quality factor diverges in the vicinity of a BIC. In general, sensing is
based on the shift of resonance in the transmission spectra as a function of the concentration
of the added particles to the liquid. Here, the advantage of Fano resonances lies in the
capability to tune their widths and thus their quality factors to very high values.

We show the effect of albumin concentration on the transmission spectra of a solid—
liquid-solid tripe layer embedded in water as well as the importance of BICs and Fano
resonances in the enhancement of biosensing. The advantage of Fano resonances lies in
the fact that their width can vanish (i.e., an infinite Q factor), as compared to [28], where
the resonances used are of a Breit-Wigner Lorentzian type. It is worth mentioning that,
besides sensing albumin, our structure can be used to detect other liquids as well as
gases. The study of sensing structures supporting BICs and Fano resonances has been the
subject of numerous works in photonics [34-37] and plasmonics [37—41]. However, to our
knowledge, the study of a liquid sensor layer embedded between two solid layers and
supporting acoustic BICs and Fano resonances has not been considered before.

The rest of this paper is organized as follows: In Section 2, we briefly present the calcu-
lation method used in this work, which is based on Green’s function method. In addition,
we analytically demonstrate the existence of the so-called BIC in a solid-liquid-solid triple
layer. Section 3 is devoted to the results of this work, including a discussion of the effect
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of albumin concentration and the impact of the incidence angle on the efficiency of the
biosensor. Section 3.3 shows how the Fano resonance behaves when the effect of loss is
taken into account. The conclusions are presented in Section 4.

2. Theoretical Model and BIC
2.1. Transmission Coefficient and Dispersion Relation

The calculation method used in this study is based on the interface response theory [42]
of continuous media, which allows us to calculate the Green’s function of any compos-
ite system. The knowledge of Green’s function enables us to obtain different physical
properties of the system, such as the dispersion relations, the transmission and reflection
coefficients, as well as the density of states. All the matrix elements ¢(DD) in the entire
space D of the composite material can be obtained from the knowledge of the matrix
elements ¢(MM) in the interface space M. g(MM) is calculated from its inverse ¢~ (MM).
The latter is formed by a linear superposition of the surface matrix elements g;l (M;, M)
for each constituent i of the composite system [42].

The system presented in Figure 1 is composed of an epoxy-water—epoxy triple layer
immersed in water. The layers are supposed infinite in the x; and x; directions. Here, we
consider the propagation of acoustic waves polarized in the sagittal plane (x1, x3) defined by
the normal to the interfaces (x3 direction) and the wave vector k|| (parallel to the interfaces).
Without a loss of generality, we chose k|| along the x; direction. This simplifies considerably
the calculation and enables closed form analytical expressions of the dispersion relation
of BIC and transmission coefficient. The solid medium (epoxy) is characterized by its
thickness d;, longitudinal speed v;, transverse speed v;, and mass density ps. The liquid
layer (sensing layer) is characterized by its thickness d, velocity v, and mass density py.
The surrounding medium (water) is characterized by its velocity vy and mass density py.
The inverse Green’s function [g(MM)]~! of the entire system depicted in Figure 1 in the
space of interfaces M = {0;ds; ds + df;2ds + df} is given by [29]

as — Fy bs 0 0
_ b as+a b 0
1_ s s TAf f
g(MM)] ; 0 wde  n | 1)
0 0 bs as — K
where
w? w5\’
characterize the semi-infinite fluid surrounding the triple layer structure,
Cf F .
ﬂf: —F?, bf: ?I Cf:COSh(tdef), Sf:SIHh<ledf) (3a)
f f
w? A 5\
F—pfa andocf——]<v]2(—k (3b)

characterize the fluid layer, and

_ G gG B
as* /YS[ ,BSt/ bS* S[_'_St, (43)
— % (kf +a7)?, p=4 I (4b)
Y= szw I t)p= szt\l’
Ct = cosh(ads), Cy = cosh(apds), S; = sinh(ayds), Sy = sinh(ayds), (4c)
w? w?
2

2 _ 32 W5 _ 4o W
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characterize the two solid layers as similar. k|| is the component of the wavevector parallel
to the layers.

Figure 1. Schematic representation of a triple layer made of [epoxy-sensing material-epoxy] im-
mersed in water. The thicknesses of the solid and fluid layers are d¢ and d;, respectively.

An incident plane wave launched through the structure presented in Figure 1 gives
rise to the transmission wave given by [29]
b fbf
A 7

t =2F, %)

where
A = det[g"'(MM)] = [(as — F)(as + ag — bg) — b3][(as — F)(as +ag +bs) = b3]  (6)

is the determinant of the matrix ¢~ (MM) given in Equation (1).
The eigenmodes of the whole system are given by the poles of t (Equation (5)), namely

A =0. @)

In Equation (6), as, bs, a fr and b ¢ are real quantities, but Fy can be either real or pure
imaginary depending on whether w < k‘ Vg Or W > kHZ)Q, respectively (i.e., below or above
the bulk band of the semi-infinite liquid). If w < k| v, then Fy (Equation (2)) becomes real,
in this case, A (Equation (6)) is real, and its solution gives rise to true eigenmodes. However,
if w > kjvo, i.e., for frequencies lying inside the continuum modes of the surrounding
media, then A (Equation (6)) becomes complex, giving rise to resonant modes (leaky modes)
that radiate their energy outside the triple layer. The real part of A gives the position of the
resonance, while its imaginary part is related to its width. In general, it is impossible to
cancel simultaneously the real and imaginary parts of A; however, when this happens, we
obtain a BIC. To obtain such BICs, we proceed as follows. First, Equation (5) shows that the

transmission zeros are given by
bs = 0, (8)

or equivalently,
¥S:Ct + BS,C = 0. ©)
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In addition, the eigenmodes of the triple layer with free boundary conditions are given
by Equations (6) and (7) by taking Fy = 0, namely,

[as(as +ap — by) — bZ][as(as +ar + by) — b3] =0 (10)

Equation (10) gives two decoupled solutions corresponding to symmetric and asym-
metric Lamb modes of the triple layer with free boundary conditions. These modes can be
obtained after some algebraic calculation in the following explicit form:

205 C[YCS) + BC,SJ[7S1Cy + BSICl] — ppeo®Sp[7S,C,Ci+ BS;CCI =0, (11a)
207S¢[vC;S; + BCS7S:Cy + BSICl] — psw?Cp[v8,CiCr + BS,CiCi] = 0, (11b)

where le = cosh(asdf/2) and S} = sinh(asdf/2).

Therefore, if Equations (9) and (11) hold simultaneously, then Equation (10) vanishes,
leading to the eigenmodes of the triple layer (i.e., A = 0) independently of the nature of the
surrounding liquids characterized by Fy. These modes represent BICs. They are obtained
analytically as a consequence of the intersection of the symmetric and antisymmetric Lamb
modes of the triple layer (Equations (11a) and (11b)) with the transmission zeros given by
Equation (9). In addition, it is worth mentioning that the angle of incidence 6 (Figure 1) is
related to the parallel wave vector k|| by the expression k| = - sin(6).

2.2. Example of BIC and Fano Resonance in the Triple Layer

Consider first a solid-liquid—solid triple layer where the two solid layers are made of
epoxy and separated by a liquid layer made of water, and the whole structure is immersed
in water (Figure 1). The thicknesses of the solid (ds) and liquid (df) layers are equal
(df = ds = 1 mm), and the materials constants [28] are listed in Table 1. Before discussing
the usefulness of the intermediate fluid layer as a sensor layer, we shall first recall the
existence of the BICs and Fano resonances displayed by the triple layer system where the
liquid layer is supposedly made of pure water, identically to the surrounding water media.

Figure 2 shows the transmission coefficients as a function of frequency (kHz) for a
perfect phononic structure made of an epoxy—water—epoxy triple layer, where the incident
wave is launched from the left (Figure 1) for five angles of incidence: 6 = 39°, 0 = 41°,
Opic = 42.61°, 8 = 43°, and 0 = 44°. The specific angle of incidence Op;c = 42.61°
corresponds to the case where the transmission zeros induced by the solid layers and the
resonance induced by the triple layers fall at the same frequency of 444.9 kHz. A zero-width
resonance occurs, called a BIC, which is characterized by an infinite quality factor Q [29,30].
This mode is indicated by a full circle on the abscissa and is given by Equations (9) and (11).
However, when the angle of incidence 6 changes slightly from 03¢, a Fano-type resonance
with different shapes appears for 6 = 39°,41° < 8p;c and 0 = 44°,43° > 0Opc. In addition,
in order to provide information about the transmission spectra in the case of finite size
plates, simulations with Comsol Multiphysics software were performed using infinite plane
incident waves. The dimensions of the plates are taken as 180 mm x 180 mm X 1 mm as
in our recent experiments with water [29]. The numerical results are plotted in Figure 2,
with pink and blue dashed lines for 8 = 41° and 6 = 44°, respectively. The shapes of the
Fano resonances are quite similar in both analytical and numerical calculations; however,
the intensity of the resonances is reduced in the numerical spectra due to the finite size of
the plates.
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Figure 2. Transmission spectra of the [epoxy—water—epoxy] structure versus the frequency for the
angles of incidence 6 = 39°, § = 41°, fp;c = 42.61°, 6 = 43°, 6 = 44°. The pink and blue dashed
lines represent the numerical results obtained with Comsol Multiphyics for the angles § = 41° and
6 = 44°, respectively. The thicknesses of the layers are taken such thatd; = d; = 1 mm .

Table 1. Velocities of sound and mass densities of epoxy and water.

p (Kg/m?3) vt (m/s) vy (m/s)
Epoxy 1180 1160.8 2539.5
Water 998 - 1486

3. A Biosensor Based on BICs and Fano Resonances

The main results represented in this section are divided into three parts: In
Section 1, we show how the concentration of albumin affects the transmission spectra and
sensor parameters. We take the water resonance frequency as a reference for the resonant
peaks position of different concentrations. In Section 2, we study the influence of the angle
of incidence on the sensor behavior. In Section 3, we provide the effect of loss on the
transmission spectra.

3.1. Effect of the Albumin Concentration

In this subsection, we study the effect of the albumin concentration on the efficiency
of the proposed sensor. First, we fixed the angle of incidence at 8p;c = 42.61°, which
corresponds to pure water, and we then exposed the water layer (Figure 1) to different
concentrations of albumin between 0 and 36.3% [28,43], so the characteristics of the analyte
layer (density and velocity) changed, as shown in Figure 3 [28]. In addition, we extrapolate
and determine the acoustic properties for other concentrations of albumin by fitting the
curves in Figure 3.

The BIC shown by the vertical arrow in Figure 4 for the water layer (0% albumin)
transforms to a Fano resonance with a maximum of transmission in the vicinity of the trans-
mission zero (indicated by a full circle) induced by the solid layers. As the concentration
increases from 0% to 36.3%, the width of the Fano resonance increases. The resonance peaks
shift to high frequencies from 444.9 to 533.96 kHz. Moreover, since the BIC was chosen
for pure water, the system can respond to a small change in the solution concentration of
4.7%, in which BICs turns out to transform into a Fano resonance with a high quality factor.
Therefore, the performance of the sensor is quite high at small concentrations. It is worth
noting that, at an angle of incidence different from 65;¢, the results will be different. How-
ever, one can obtain a BIC by choosing appropriately the concentration. The performance
of the sensor around such a concentration is discussed below.
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Figure 3. Variation of density and sound velocity in the water-albumin mixture as a function of the
albumin concentration in the range of 0-36.3% [43].
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Figure 4. Transmission spectra of the [epoxy-albumin-epoxy] structure versus frequency for the
angle of incidence 0p;c = 42.61° and for different concentrations of albumin. The thicknesses of the
liquid and solid layers are df = d; = 1 mm.

The performance of a sensor is in general characterized by the sensitivity (S), quality
factor (Q), figure of merit (FOM), and detection limit (DL). These parameters [28,44—46] are
defined by the following expressions:

_Af
S = AC (12)
_fr
S
FOM = %, (14)
and s
DL = 03’ (15)

where Af = f. — fo, fr is the resonance peak for each concentration, and fj stands for
the reference frequency. AC is the concentration change, and I' is the full width at half
maximum (FWHM) of the resonance. Note that DL is only the inverse of FOM.
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Figure 5a shows that the resonant frequency (blue line) increases with the albumin
concentration. Figure 5a shows the sensitivity (red line) versus the concentration for the
angle of incidence 0g;c = 42.61° and the thickness dy = d; = 1 mm. The sensitivity S
increases almost linearly when increasing the concentration until it reaches its maximum
value S = 2.45 kHz/% at C = 36.3%. Each change in the concentration of about 6% implies
a shift of the resonant mode by about 13 kHz, which means that the proposed sensor is
characterized by high sensitivity in comparison to a similar structure in the literature [47].
Figure 5b shows the quality factor Q (green line) versus the concentration. Generally, a
resonance with a high quality factor means that the resonant peak is very sharp, which
improves the frequency resolution. The quality factor reaches the highest value around
Q = 3200 in the vicinity of the BIC. Figure 5c provides the FOM, which is the parameter
that predicts the efficiency of the sensor to measure any change in resonant frequency. Its
maximum value is FOM = 14.45. The maximum range of both Q and FOM are located
in the vicinity of the BIC frequency at only 4.7% albumin. Q and FOM decrease as the
concentration increases and tend towards limiting values, namely, Q = 37 and FOM = 0.17
for high concentrations when the Fano resonance deviates from the BIC.

Figure 5d represents the DL versus the albumin concentration. This quantity is known
as the minimum amount of analyte concentration that can be accurately detected. Indeed,
DL is defined as the inverse of FOM, so the best (i.e., lowest) DL that the sensor can
accurately detect is DL = 0.069% for the concentration C = 4.7% at the angle of incidence

Opic = 42.61°.

540 @ 26 __ 540 3300
0 2] 5
T % N E -8
x T X i 0
2 490 - AN w23§'§490- >
Q =
S Z 3 L 1100®
T i T =]
d c 2 ¢}
w o W

440 R 209 440 - 0

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Concentration (%) Concentration (%)

540 15 540 -6 __
G ) (a) 2
T 12 I g
X X s
= = -4 g
= "9 s > =
2 490 | O c 490 - c
0 T 0
= 3 - 25
o o 0
© - 3 ¢ 2
1N L o

440 T T T T T T T r 0 440 T 0 D

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Concentration (%) Concentration (%)

Figure 5. Representation of the resonant peak frequency with (a) sensitivity, (b) quality factor,
(c) FOM, and (d) detection limit (DL), as a function of the concentration for 6g;c = 42.61° and
d = ds = 1 mm.
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Transmission

3.2. Effect of the Angle of Incidence

For a better overview of the effect of the angle of incidence on the sensor efficiency,
we fixed the layer thicknesses at d; = d r= 1 mm, and for different concentrations, C = 0%
(Figure 6a), C = 10.7% (Figure 6b), C = 25.13% (Figure 6¢), and C = 36.3% (Figure 6d),
we plotted the transmission coefficients for different values of the angle of incidence, as
shown in Figure 6. The resonance peaks shift to high frequencies as the angle of incidence
increases for each concentration. For each concentration, there is an angle of incidence
corresponding to a BIC (6p;¢). Around the 03¢, the BIC transforms to a Fano resonance
with an opposite asymmetric Fano shape (see below). When C increases from 0 to 36.3%,
the Fano resonances move to the right-hand side of the BIC. The evolution of the 0p;c as a
function of the concentration C is given in the inset of Figure 6d, which shows a decrease
in Og;c versus C.

(b)
1.0 40° 42° (42.61° 44°
0.8 1
c
°
» 0.6 -
2}
£
» 0.4 -
g BIC
= 2.37°
F0.29 ¢=10.7%

o
[=}]
1

N
£
Il

o
N

| c=25.13%

300 350

400 450 500

450 500 550 600

Frenquency (kHz) Frenquency (kHz)

Figure 6. Transmission spectra of the [epoxy—albumin—epoxy] structure versus the frequency
for different angles of incidence at the following concentrations: (a) C = 0%, (b) C = 10.7%,
(c) C = 25.13%, and (d) C = 36.3%. The thickness of the liquid and solid layers are d = ds =1 mm.

Figure 7 shows the transmission spectra of the structure as a function of frequency for
different albumin concentrations in the range 0-36.3% and for different angles of incidence:
6 = 40° (Figure 7a), 0 = 41.66° (Figure 7b), 0 = 42.24° (Figure 7c), 6 = 42.61° (Figure 7d),
6 = 43° (Figure 7e), and 0 = 44° (Figure 7f). Similarly to Figure 6, one can see that, for
each angle of incidence, there is a concentration corresponding to a BIC (Cpc). Around the
Cgic, the BIC transforms to a Fano resonance with an opposite asymmetric Fano shape (see
below). When 6 increases from 40° to 44°, the asymmetric line shape of the Fano resonance
changes around the BIC. The variation of the Cpj¢ as a function of the angle of incidence 6
is given in the inset of Figure 7f. The concentration Cpjc manifests a decrease versus the
angle of incidence 6. These results show that, for the sensor to achieve a good performance
around a given concentration, we an appropriate angle of incidence must be chosen. It
is worth noticing that, in our recent experimental paper [30], the precision angle setting
is given with a decimal point. We have checked that the transmission spectra in general
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and the BIC in particular remain robust when the angles of incidence are taken with one
decimal point instead of two.
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Figure 7. Transmission spectra of the [epoxy—-albumin-epoxy] structure versus the frequency for
different concentrations of albumin at the following angles of incidence: (a) § = 40°, (b) 6 = 41.66°,
(c) 0 =42.24°,(d) 6 = 42.61°, (e) 6 = 43°, and (f) 0 = 44°. The thickness of the liquid and solid layers
are df =ds =1 mm.

In order to ensure that the resonances presented above are of Fano type, we show in
Figure 7d the fitted results (open circles) for § = 42.61° and C = 36.3% based on the Fano
formula:

(w — wg +4T)?

T=A——m—5,
(w —wg)?+ 12

(16)

where A = qlz, wg, and T are the standard parameters that denote the position and the

width of the resonance, respectively. q is the so-called Fano parameter that describes
the degree of asymmetry of the resonance. Figure 7d gives a comparison between the
exact results of the transmission coefficient (solid cyan curve) and the curve obtained from
Equation (16) (open circles) for 6 = 42.61° and C = 36.3%. A good fit is obtained with the
following parameters ¢ = 6.193 and I' = 14.45 kHz.

In Figure 5, we show that the best sensitivity is obtained for a high concentration C of
36.3%. In Figure 8, we show a comparison of the sensor parameters as a function of the
angle of incidence where the concentration C = 36.3% and thicknesses df and ds = 1 mm.
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The sensitivity shown in Figure 8a reaches its maximum value S = 2.47 kHz/% for the angle
of incidence 6 = 42.24° close to the BIC. Moreover, the Q factor and FOM in Figures 8b,c,
respectively, reach their maximum values when the angle of incidence 6 approaches the
one corresponding to the BIC and tend towards infinity around 6p;c = 41.66°. The best
detection limit close to zero (DL = 0.0153%) is obtained around 6p;¢c (Figure 8d).
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Figure 8. Representation of (a) sensitivity, (b) the quality factor, (c) the figure of merit (FOM), and (d)
the detection limit (DL), as a function of the incidence angle 6, for the concentration C = 36.3% and d
and ds = 1 mm.

Figure 9a shows the behavior of the Fano parameter as a function of 6 for C = 36.3%.
One can see that q diverges at 0p;c = 41.66° and takes opposite values for 8 on both
sides of 0pjc. Similar results are obtained for the variation of q versus the concentration
for 6 = 42.24° (Figure 9b). Here, q diverges at Cpjc = 16.3% and takes opposite values
around Cgjc.

In Figure 9a, we show the variation of the sign of the Fano parameter q around 0p;c,
which is related to the asymmetry of the Fano resonance. The sensor parameters versus
the concentration depend considerably on whether the q parameter is positive or negative.
Figure 10 compares the sensor parameters for § = 41° (q = —8.28) and 6 = 43° (q = 4.48).
The thicknesses of the layers are set at ds and dy = 1 mm. Figure 10a shows the sensitivity
of the albumin sensor versus the concentration for 6 = 41° (red circles) and 6 = 43° (blue
stars). It appears that the sensitivity of the sensor increases with the concentration for both
incidence angles, with an improved sensitivity for the angle of incidence § = 43°. On the
other hand, the quality factor presented in Figure 10b increases with the concentration for
the angle of incidence 6 = 41° until it reaches its maximum value at C = 36.3%, which is
due to the fact that the width of the Fano resonance shrinks at C = 36.3% and collapses
close to the BIC, whereas for the angle 6 = 43°, the quality factor decreases versus the
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28

concentration and becomes maximum at the concentration C = 4.7% in the vicinity of the
BIC. Similar behavior occurs for the FOM (Figure 10c) as both quantities (Q and FOM)
are inversely proportional to the width of the resonance (Equations (13) and (14)). It also
appears from Equation (15) that a higher quality factor obtains a lower detection limit.
Thus, the minimum detection limit of the proposed sensor for both angles 6§ = 41° and
6 = 43° appears at the concentrations C = 36.3% and C = 4.7%, respectively, as shown in
Figure 10d.

(a)

14 {C=36.3%

-14 A

BIC

41.66°

-28

39.0 39.5 40.0 40.5 41.0 41.5 42.0 42.5 43.0 43.5 44.0

0 (degree)
225 q (b)
150 19=42.24°
75 -
(o n
0 -
CBIC
=75 7 16.3%
=150 A
0.00 6.05 12.10 18.15 24.20 30.25 36.30

Concentration (%)

Figure 9. Variation of the Fano parameter q versus (a) the angle of incidence 6 around 0p;c = 41.66°
for the concentration C = 36.3% and (b) the concentration C around Cgjc = 16.3% for the angle of
incidence 6 = 42.24°.

The above results are presented for fixed thicknesses of the liquid and solid layers
(ds = dy = 1 mm). If both thicknesses are changed by a scale factor «, then all results
remain the same with a scale of the frequencies by a factor 1/a. For other choices of
thicknesses, the physical conclusions hold, but quantitatively, the 0p;c associated with
each concentration will change to a new value. This enables experiments on samples with
ds other than the considered value of 1 mm by taking an appropriate incidence angle.
Figure 11 shows the variation of the concentration as a function of the angle of incidence
6p1c for three values of the thickness of the sensing liquid layer. One can see that, for each
concentration, there is an angle ;¢ that depends on the thickness of the sensing layer.
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Figure 10. Representation of (a) sensitivity, (b) the quality factor, (c) the FOM, and (d) the detection
limit (DL) as a function of concentration for d r = ds = 1 mm, 6 = 41° (red circle) and 0 = 43°

(blue star).
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Figure 11. Variation of the angle of incidence 8¢ as a function of the concentration for three values

of the sensing liquid layer thickness.

We provide in Table 2 a comparison between the quality factor of the proposed sensor
and those of sensors published in the literature. It is obvious that the structure presented in
this work presents high quality factors that tend towards infinity at the BIC. The sensitivity
obtained in this work around S = 2.47 kHz/ % is higher than that obtained with a millimetric

structure operating in a few hundred kHz by Lucklum et al. [47] (1.4 kHz/%).
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Table 2. A comparison between the design Q factor of our sensor with those of previous sensors.

Types of Device

Q-Factor

Reference

1D phononic crystal from lead and epoxy with defect layer
from glycine

Ranges from 8502 to 13497

Khateib et al. [48]

1D phononic crystal from lead and water with defect layer

from glucose or HyO 5196 Mehaney et al. [49]
Slotted phononic crystal composed of Silicon 6095 Geng et al. [50]
2D periodic structure made of identical cylindrical holes in 1000 Mukhin et al. [51]

presence of a liquid-filled cylindrical cavity defect

Solid-liquid—solid triple layer sensor

Ranges from 3201 to infinity

Present work

3.3. Effect of Loss

In the above results, the materials were considered lossless. However, the shape of
Fano resonances could be considerably affected when loss is taken into account, especially
in the vicinity of the BIC. We consider here the effect of absorption on Fano resonance
discussed in Section 3.1. The dissipation can be included by adding a small imaginary
part to the transverse and longitudinal velocities of sound in solid layers such that C{ =
Ct(l —|-j€) and C{ = Ct(l —|—j€) [52,53].

Figure 12 shows the transmission coefficient as a function of the frequency for different
concentrations at the angle of incidence § = 42.61° and for the thicknesses of the layers
such that dy and ds = 1 mm. In this figure, the epoxy layer is considered without loss
(Figure 12a), with small loss € = 10> (Figure 12b), and with high loss € = 10~* (Figure 12c).
As absorption increases, the intensity of Fano resonances decreases, especially when the
resonance approaches the BIC frequency for small concentrations. For high concentrations,
the Fano resonances are less sensitive to the effect of loss and remain almost unchanged
because the resonances are broader (with smaller quality factors). These results show that,
if solid layers with less loss are used, then even the transmission peaks near the BIC can
be observed.
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Figure 12. Variation of the transmission coefficients as a function of frequency for the structure
composed of epoxy-sensing material and epoxy immersed in water for 8 = 42.61°. The thicknesses of
the layers were chosen such that d ¢ and ds = 1 mm. The curves are plotted for an epoxy layer without
loss (a), with small loss (b), and with high loss (c).
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4. Conclusions

We propose a simple acoustic multilayer to design an efficient biosensor that can
detect different concentrations of albumin. The proposed structure made of an epoxy-
albumin-epoxy triple layer immersed in water allowed us to induce a resonance with zero
width, the so-called BIC at 0% albumin (i.e., pure water) for a particular angle of incidence
0p1c = 42.61° and layer thicknesses ds = dy = 1 mm. By supplementing an admixture of
albumin to the water layer, BICs can be transformed into Fano resonances characterized
by high quality factors that are very sensitive to the concentration of albumin. We found
an efficient response of the sensor to a small albumin concentration (4.7%) with a high
quality factor, a high figure of merit, and a minimum detection limit, without perturbing
the geometry of the structure. The importance of the detection limit lies in the ability of
a sensor to detect a low concentration value. Afterward, we studied the sensor behavior
when changing the angle of incidence. The best performance of the sensor was found
around the structure parameters that give rise to the BIC. Finally, we considered the effect
of loss on the shape of the Fano resonance. The intensity of the resonance in the vicinity
of the BIC changes drastically for small concentrations, while it remains stable as the
concentration increases. The investigation of the transmission coefficient, sensitivity, and
sensor parameters was performed by means of Green’s function method. The experimental
validation of these theoretical results is in progress.

In addition to Table 2, where we highlight some advantages of the proposed platform
over other types of biosensor, there are other virtues of such a sensor worth mentioning:

(i) The simplicity of the structure consists of sandwiching a liquid sensor layer between
two solid layers. The solid layers induce transmission zeros that enable one to obtain a
large transmission gap, while the sensor layer enables one to introduce a Fano resonance
with a high sensitivity and low detection limit.

(ii) The simplicity of the analytical calculation helps in indicating the appropriate
angle of incidence required to obtain BICs and Fano resonances.

(iif) It is possible to use the proposed triple layer sensor in other application contexts,
such as water pollution (contamination with biological and chemical particles) as well as
other fluids such harmful gases for health.

(iv) We can use a multilayered structure with two or more sensor layers separated by
solid layers, and each liquid layer can then detect a selected admixture through an analysis
of its own Fano resonance.
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