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Abstract: This work presents a bulk refractive index sensor based on quasi-bound states in the
continuum (BICs) induced by broken symmetries in metasurfaces. The symmetry is broken by
detuning the size and position of silicon particles periodically arranged in an array, resulting
in multiple quasi-BIC resonances. We investigate the sensing characteristics of each of the
resonances by measuring the spectral shift in response to changes in the refractive index of the
surrounding medium. In addition, we reveal the sensing range of the different resonances through
simulations involving a layer of deviating refractive index of increasing thickness. Interestingly,
the resonances show very different responses, which we describe via the analysis of the near-field.
This work contributes to the development of highly sensitive and selective BIC-based sensors
that can be used for a wide range of applications.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical sensors offer unique characteristics, such as precision, remote read-out, and immunity
to electromagnetic interference. Optical refractive index sensors are particularly appealing
because they do not require a label on the analyte to generate a signal. Instead, they use an
optical transducer such as a plasmonic or photonic nanostructure that exhibits a resonance shift
in response to a refractive-index change in the near-field of the transducer. Their label-free
nature greatly simplifies their operation and as such they find applications in various research
fields [1-6], ranging from environmental monitoring [7] to chemical characterization [8], and
biosensing [9].

Label-free sensors can be broadly classified into two types: metal-based surface plasmon
resonance (SPR) biosensors [10,11], and dielectric-based guided-mode resonance (GMR)
biosensors [12,13]. In SPR sensors, a gold film is illuminated at a high angle through, e.g. a
prism, leading to the excitation of a propagating surface plasmon polariton (SPP) that is sensitive
to the refractive index in its evanescent field. This SPP creates a strongly localized near-field,
albeit with a limited quality factor (Q) due to losses in the metal. Therefore, the merit figure
(FoM) of SPR sensors (defined as the ratio between the refractive index sensitivity of a resonance
and its full width at half maximum (FWHM)) is limited [14—16]. On the other hand, GMR-based
sensors can support high-Q resonances by employing low-loss dielectric materials. However, the
reduction in resonance linewidth is often accompanied by confinement of the electromagnetic
field inside the structure [12], leading to a lower sensitivity to the surrounding refractive index.
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Bound states in the continuum (BICs) have recently emerged as promising structures for
sensing because they offer exceptional control over the resonance wavelength, Q-factor, and
near-field confinement [5,17-24]. BICs arise in more complex periodic structures of scatterers
and are defined as non-radiative modes that coexist with the continuum spectrum of radiating
waves [25,26]. Two different types of BICs can be realized in periodic systems or metasurfaces:
symmetry-protected BICs and accidental BICs [27,28]. Specifically, symmetry-protected BICs
are optical modes that possess theoretically infinite Q-factors through their odd field symmetry
that cannot couple with the even symmetric waves of the electromagnetic continuum. States
that do not radiate cannot be detected in the far field, but the introduction of an asymmetry in
the periodic structure allows a weak coupling with the radiation continuum, resulting in leaky
resonances with high but finite Q-factors, called quasi-BICs [29].

By using quasi-BICs in metasurfaces, it is possible to achieve high-Q resonances without the
drawback of material dispersion and absorption, as observed in SPR-based sensors. Additionally,
the more localized electromagnetic field issue encountered in GMR-based sensors is avoided.
These improvements make quasi-BICs a promising platform for high-performance sensing.
In recent years, quasi-BICs have been intensively investigated for bio- [17,30-32], and bulk-
refractive-index sensing [33-37], with sensitivites (S) ranging from 86.7 to 657 nm RIU~! and
Figures of Merit (FoM) from 46 to 266 RIU~!. Other potential advantages of quasi-BICs are
the control of the tunability of their central wavelength, linewidth, and radiation pattern, which
could be exploited to couple light in defined directions for interrogation in the visible with
low-resolution and cheap spectrometers.

Works highlighting the differences between multiple quasi-BICs in the same structures are
seldom [5,33,35]. This paper presents an all-dielectric multi-resonant metasurface supporting
quasi-BIC resonances induced through various asymmetries [34]. In particular, we investigate
the size- and position-detuning of a silicon periodic lattice of nanodisk dimers. We explore
the fundamental differences between the resonances of our structure via electromagnetic field
simulations, showing the magnetic and electric character of the different modes in the near-field
region. In addition, we reveal that the resonances show vastly varying sensing characteristics
in terms of sensitivity, Figure of Merit, and sensing range, which we explain via near-field
studies. Finally, we show that the resonances exhibit a variation in robustness when exposed to
refractive-index changes in the surrounding medium, indicating that some resonances are more
sensitive to fabrication imperfections than others.

2. Metasurface design and fabrication

Our all-dielectric metasurface (Fig. 1) consists of a symmetry-broken rectangular lattice of silicon
cylindrical nanodisk dimers on a SiO, substrate [38]. The designed metasurface was fabricated
as follows: Polycrystalline Si thin films with a thickness of 90 nm were grown on a synthetic
silica glass substrate by low-pressure chemical vapor deposition using SiHy4 gas as a source of Si.
A resist (NEB22A2, Sumitomo) was cast on the Si film and exposed to electron-beam lithography,
followed by the development to make nanodisk arrays of resist on the Si film. The Si film was
vertically etched using a selective dry etching (Bosch process) with SF¢ and C4Fg gases, and the
resist residue was etched away by dry oxygen etching. The fabricated area of the array covers 2 X
2 mm?.

The optical modes of this metasurface have been discussed in detail in Ref. [38]. The C;-
symmetry of the array, responsible for the decoupling of the BIC from the radiation continuum,
is broken through the size detuning between the two nanodisks of the Si dimer that form the unit
cell. As shown in section 3, this symmetry breaking leads to a narrow resonance (quasi-BIC) at
long wavelengths formed by the antiparallel in-plane electric dipole moments of the nanodisks.
The displacement of the center of the nanodisks from a separation distance of a, /2, with a, the
lattice period in the x-direction, to a,/2 — 2Ax, leads to the evolution of a magnetic guided mode
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Fig. 1. (a) Scanning electron microscope image of the fabricated sample, and (b) schematic
representation of a single unit cell and a larger area of size- and position-symmetry broken
silicon dimer array on SiO;, including the definition of the polarization of the incident light
with respect to the orientation of the particle array. (c) Schematics of different configurations
of a unit cell of the metasurfaces, together with the corresponding asymmetry parameters a.
The left panel shows cylindrical disks that provide symmetry breaking by increasing the
radius of one of the disks, where the asymmetry parameter is given by agjze = Ar/r. The
right panel depicts cylindrical disks where both disks are shifted to the inside by a distance
Ax. The asymmetry parameter is given by @position = Ax/x.

into a narrow bright mode at short wavelengths that we call the short-wavelength quasi-BIC. In
section 3, we show that this mode results from the antiparallel oscillation of the out-of-plane
magnetic dipoles in the nanodisks [38]. We have optimized the quality factor of the quasi-BIC
resonances by tuning the asymmetry in the unit cell of the array and the distance between
nanodisks. The dependence of the asymmetry on the quality factor was studied theoretically
by Koshelev et al. [29], showing that the quality factor of quasi-BIC resonances is inversely
proportional to the inverse square of the asymmetry parameter (Q o 1/a?). In the case of our
size- and position-detuned nanodisks, the asymmetry parameters are defined as asj;e = Ar/r and
@position = Ax/x, where r and x denote the radius of the disk and the distance from the middle
of the unit cell, respectively, while Ax and Ar reflect the amount of detuning of the respective
parameters. We note that displacing the nanodisks does not break the C,-symmetry of the array,
and the narrow short-wavelength quasi-BIC emerges from the coupling between the in-plane
electric dipoles and the out-of-plane magnetic dipoles of the nanodisks [38]. Figure 1(c)) depicts
a schematic that indicates how the asymmetry parameters affect the dimensions of the particles
and the array.

Our sensor operates in the visible range. However, the operating wavelength can be tuned by
scaling the dimensions of the unit cell. After adjusting the dimensions and symmetry of the
structure, the resulting array (see Fig. 1) consists of nanodisks (r = 65 nm, # = 90 nm) arranged
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in a lattice of period a, = 469 nm and a, = 235 nm with asymmetry parameters asi,e = 0.15 and
Qposition = 0.1.

3. Characterization of the quasi-BIC resonances

To characterize the samples, angle-dependent extinction measurements have been conducted and
compared to simulations. The setup used for these measurements is illustrated in section S1 of
Supplement 1. We measure the zeroth-order (forward) transmission spectrum by illuminating
the sample with a collimated white light source. To realize a homogeneous medium covering
the nanodisks, a 200 nm layer of 5% polyvinyl alcohol (with index n = 1.48) in water has been
spin-coated on top of the surface. We calculate the optical extinction, defined as Ext = 1 — T /Ty,
where T is the transmission through the array and 7} is the transmission measured through
a reference area, consisting of a substrate without disks but with the polyvinyl alcohol. The
simulations are performed with COMSOL Multiphysics using a single unit cell with periodic
conditions. For the substrate and Si refractive index, we employ data from Palik [39], and
experimental data obtained from ellipsometry measurements (see Supplement 1 Fig. S2),
respectively. The experimental and simulated extinction spectra as a function of the angle of
incidence 6;, for TE-polarization are shown in Fig. 2, exhibiting excellent agreement.
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Fig. 2. Experimental (left) and simulated (right) extinction dispersion of a dimer nanodisk
array embedded in a homogeneous medium (n = 1.48). The extinction spectra are plotted as
a function of the incident angle for illumination of TE incident light. We vary the angle of
incidence by rotating the sample in the xz-plane.

The metasurface of Si nanodisks shows two highly-dispersive narrow resonances, which
correspond to quasi-BICs resulting from size and position detuning [38]. The dispersion follows
the in-plane diffraction orders (Rayleigh anomalies), as defined by

ko = ky (6in) % G (my1,my) (1)

where 750 is the wave vector of the in-plane diffracted orders, %x is the in-plane component of the

2

wave vector of the incident light, and G (my,my) = my ( =

) X+my (i—”) y is the reciprocal lattice
Y
vector of the array, with m; and m, the orders of diffraction in the x- and y-directions. Using
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Eq. (1) for Zx = 0 (normal incidence) and considering that |Zx| =k, = 2’/{—”sin0, we find that the

condition for the grating diffracted order in a lattice is met when A~! = (an)~!, /m% + m% For the
lowest order, i.e., (m; = +1,mp = 0) or m; = 0,my = £1), n = 1.48 and a, = 469 nm, we find
that this condition is satisfied at 4 = 694 nm, which is slightly below where the short-wavelength
resonance appears in Fig. 2. The splitting between the resonances increases with increasing the
angle of incidence, as also follows from Eq. (1).

To understand the origin of the two quasi-BIC resonances, we have performed a near-field
numerical study, showing the local electric field profiles at different planes in the unit cell. Figure 3
shows the electric field distributions of these quasi-BICs in the xy- and yz-planes. In particular,
Figs. 3(a),(c), show that the short-wavelength quasi-BIC mainly consists of an out-of-plane
magnetic dipole moment (MD,) (see the circulating displacement current in Fig. 3(a)). While
Figs. 3(b),(d) illustrate the local electric-field distribution of the long-wavelength quasi-BIC,
mainly showing an in-plane electric dipole moment (ED)).
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Fig. 3. Simulated electric-field enhancement |E/Eg| for normal incidence in the xy-plane at
the top surface of the nanodiks (a) (b), and in the yz-plane cutting through the larger particle
(c)(d) for the short (a)(c) and long (b)(d) wavelength quasi-BICs at 4 = 695 nm and 727 nm,
respectively. The simulations use the same geometry as the fabricated sample discussed in
section 2. The arrows represent the local electric field direction.

The main difference between the near-field images of the two quasi-BICs is that for the
long-wavelength mode, there is much less field inside the volume near the surface of the particles
(fundamentally due to the Maxwell equation boundary condition, with a jump in the normal
electric field due to the index contrast), making it much more robust when exposed to surface
imperfections. The short-wavelength quasi-BIC has a circulating electric field, so the continuity
of the tangential field leads to similar amplitudes inside and outside of the disk. Notice also how
the electric field intensity for the long-wavelength quasi-BIC (Fig. 3(b),(d)) is higher and more
localized outside the disks, increasing its sensitivity to surface imperfections.

For completeness, the extinction spectra for TM polarization have also been simulated and
measured, which is shown in Fig. S3 of Supplement 1. For this polarization, the two resonances
are visible in simulation, but in measurements, they appear much weaker. This could be explained
by the simulated near-field distributions shown in Fig. S4 of Supplement 1, indicating relatively
larger fields inside the disk contours and an increased sensitivity to surface imperfections (visible
in the SEM image Fig. 1(a)), which results in much weaker experimental extinction spectra.
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4. Refractive index sensing

To demonstrate the sensing capabilities of the array of Si dimer nanodisks, bulk refractive index
(RI) measurements have been performed. We vary the RI of the surrounding medium using
RI-matching oils (n=[1.4, 1.41, 1.42, 1.436, 1.47, 1.48, 1.50, 1.53, 1.55, 1.60]) and measure
the extinction spectra under normal incidence of a TE-polarized collimated white light beam.
Spectra are measured using a confocal microscope connected to a spectrometer (Andor iDus
DU420A).

Figures 4(a),(b) display the spectra of the short- and long-wavelength quasi-BICs, respectively,
showing that an increase in RI of the surrounding medium results in a redshift of the resonant
wavelength of both modes. The short-wavelength quasi-BIC shows a weaker extinction for
refractive indexes of the matching oil deviating from the RI of the substrate (nsio, ~ 1.48). The
importance of a homogeneous medium for the robustness of resonances has been previously
researched by Barnes et al. [40], where it was found that differences between the refractive
indexes of the substrate and superstrate reduce the radiative coupling between the particles that
lead to the collective modes of the array. This could explain the degradation of the extinction
in Fig. 4(a) when we the refractive indexes become different. However, scattering simulations
of the perfect unit cell do not reflect this behavior, showing consistent peaks over the whole
measured RI range, indicating that the lack of robustness of the short-wavelength quasi-BIC must
be due to an increased sensitivity to fabrication imperfections. This sensitivity can be qualified
by determining the fraction of the modal energy that is located in a narrow zone at the outer
diameter of the disks. Surface roughness can be modeled indirectly via extra losses in a zone
near the surface [41], so the energy fraction at the surface is a good indicator of sensitivity to
imperfections. We obtain an energy fraction in the outer layer of 35% for the short-wavelength
quasi-BIC, versus a fraction of 10% for the long-wavelength quasi-BIC, again illustrating the
different nature of the modes, which is clearly reflected in the profiles of Fig. 3. Section S4
of Supplement 1 explains in more detail how this simulation has been conducted, including
figures showing the energy percentage in the outer layer as a function of wavelength (Fig. S5). In
contrast, the long-wavelength resonance depicted in Fig. 4(b) shows a very robust behavior upon
changing RI, with an average full width at half max of FWHM = 2.15 + 0.3 nm.
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Fig. 4. Evolution as a function of the RI of the upper medium surrounding the array of
dimer nanodisks of (a) short-wavelength quasi-BIC, and (b) long-wavelength quasi-BIC.

When we track the maxima of the extinction spectra as a function of the RI of the surrounding
medium, we obtain Fig. 5 for both measurements (solid lines) and simulations (dashed lines).
The measurements have been repeated 5 times on different areas of the particle array. The
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measurements shown in Fig. 5 correspond to the mean value of these measurements, with the
error bar given by the standard deviation.
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Fig. 5. Measured and simulated resonant wavelength as a function of the RI of the upper
medium surrounding the array of Si dimer nanodisks.

Notice in Fig. 5 that for the short-wavelength quasi-BIC, we only include the data points
up to n = 1.5, as the transmission spectra for n>1.5 shows too weak extinction (see Fig. 4(a)).
We can calculate the sensitivity of both modes to changes in RI of the surrounding medium
with § = 61/dn. The sensitivity is related to the distribution of the field within and outside the
nanoparticles. In particular, when this field is distributed mainly in the surrounding medium,
changes in refractive index can be detected more sensitively. Therefore, the long-wavelength mode
has a higher sensitivity than the short-wavelength one because of its larger field enhancement in
the surrounding medium of the nanoparticles, which leads to a better mode overlap with this
medium as can be seen in Fig. 3. The short-wavelength mode shows a non-constant sensitivity in
the experiments, with a nonlinear shift of the resonance with the refractive index. The sensitivity
increases thus as we increase the RI. This nonlinearity is also visible in the simulations, although
it is much weaker and on a larger scale of RIs (not plotted in Fig. 5). This non-linearity can be
explained via near-field simulations. we have computed the field intensity in regions in- and
outside the particles as a function of RI, finding that for the short-wavelength quasi-BIC, the
percentage of the total field energy located in the region outside of the nanoparticles rose from
30.6% for n=1.4 to 44.7% for n=1.6. This difference indicates that for an increase in RI, the
sensor becomes more sensitive to external changes [22].

The simulation of the field intensity in regions in- and outside the particles has also been
performed for the long-wavelength quasi-BIC, which shows a linear behavior in Fig. 5. The
percentage of the total field energy located outside of the particles only slightly rises from 70.0%
for n=1.4 to 72.1% for n=1.6, which reflects on the nearly constant slope of the long-wavelength
quasi-BIC in Fig. 5. For this mode, we find an experimental sensitivity of Siongexp = 240 + 2
nm/RIU and a simulated sensitivity of Sjongsim = 277 nm/RIU.

The long-wavelength quasi-BIC shows consistent extinction spectra (see Fig. 4(b)) over
the whole RI range, which enables us to calculate the Figure of Merit (FoM), defined as
FoM = S/FWHM. This FoM includes the sharp nature of resonances, and thus examines the
effectiveness of a system to sensitively measure small wavelength shifts. Using the previously
calculated FWHM = 2.15 + 0.3 nm and sensitivity (Siongexp = 240 = 2 nm/RIU), we find
FoM = 111.6 £ 0.14. Typical sensors based on surface lattice resonances in nanoparticle arrays
have FoMs in the range of 20-50 [42,43], indicating that quasi-BIC resonances can significantly
improve this FoM. This improvement can be attributed to the larger field enhancement and
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confinement to the surface of quasi-BICs compared to SLRs, as recently demonstrated in Ref.
[44].

5. Biosensing simulations

To further investigate the sensing performance of our array of Si dimer nanodisks to local
changes in RI, we simulate the sensitivity to a biomolecular layer attaching to the surface of
the particles. Typically for biosensors, the surface of nanoparticles is functionalized through
bio-active molecules dissolved in water that bind to target biomolecules; thereby creating a local
change in RI in a layer around the surface of the particles. This process is simulated by increasing
the thickness of a conformal layer of fixed RI, while we track the shift in resonant wavelength. In
doing so, we obtain information about the resonance sensing range or how far away from the
surface the resonances can sense RI changes. Figure 6 shows the shift in resonant wavelength for
the short- and long-wavelength quasi-BICs as a function of the thickness of a dielectric conformal
layer with n = 1.5, while the structure is submerged in water (dielectric of n = 1.33).
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Fig. 6. Simulations of the resonant wavelength of quasi-BICs in arrays on Si dimer nanodisks
as a function of a dielectric (n = 1.5) conformal layer thickness.

As a result of the increase in thickness of the conformal layer, the resonant wavelength of both
modes redshifts. For small thickness changes, the resonant wavelength shifts with a large slope,
but after a certain thickness, the shift saturates, and any increase in layer thickness will not result
in a further shift. The thickness for which this occurs is defined as the saturation thickness, which
is a measure of the sensing range of the resonance. The saturation thickness can be calculated
by plotting two linear fittings, one tangential to the first part of the curve (<20 nm) and one
tangential to the last part of the curve (#>180 nm). The thickness where these linear fittings
intersect is defined as the saturation thickness (Fig. S5 of Supplement I visualizes this method).

From Fig. 6, we notice that the long-wavelength quasi-BIC is characterized by a high initial
sensitivity to changes in thickness of the conformal layer, which in the range of 0<#<40 nm is
calculated to be Sjong = 0.9 nm/t[nm]. The high sensitivity of this mode can be attributed to
the high intensity of the electric fields in close vicinity of the surface of the nanoparticles, as
depicted in Figs. 3(b),(d). However, after a thickness of g jong = 48 nm, the shift saturates,
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and an increase in layer thickness will only have a minor influence on the resonant wavelength,
which indicates that for the long-wavelength quasi-BIC, there is a negligible amount of energy
confined in the region £>40 nm. The short saturation thickness can also be explained by the field
distribution plots (Figs. 3(b),(d)), where it is visible that the high-intensity fields mainly exist in
the xy-plane away from the particles, while in the z-direction the intensity of the field is negligible.
Having a conformal layer thicker than ~ 50 nm will result in the connection of the layers of
different unit cells. After ~ 80 nm, the unit cell is completely filled and any increase in layer
thickness will effectively only result in a thicker layer in the z-direction. Therefore, it is expected
for a resonance that has most of the high-intensity fields in the xy-plane (see Fig. 3(b),(d)), to
have its shift saturated when we increase the thickness past ~ 50 nm.

A similar but less drastic effect is seen for the short-wavelength quasi-BIC, which shows a
lower initial sensitivity (also calculated in the range 0<#<40 nm) of Sghort = 0.28 nm/t[nm]. On
the other hand, the shift does saturate later at #a¢ short = 67 nm. The lower sensitivity and larger
saturation thickness can be attributed to the fact that fields in close proximity to the surface of the
particles have lower values (see Fig. 3(a),(c)). However, these fields do extend further away from
the particles, which results in a larger saturation thickness.

Interestingly, the different quasi-BICs show a very different behavior. Although the longer
wavelength displays high sensitivity in the region close to the particles, it lacks sensing range.
For the short-wavelength quasi-BIC, it is the other way around. Depending on the application, it
is possible to optimize the structure for either of these properties.

6. Conclusion

Typical research on quasi-BIC sensing only discusses sensing properties such as FoM and
sensitivity. Although these are important features of a sensor, there are more factors to consider.
This paper provides a comprehensive comparison between two modes induced by different types
of asymmetries in metasurfaces formed by Si nanodisk dimers. We show that depending on the
near-field distribution of the quasi-BICs, they display vastly different properties that influence
not only the sensitivity and FoM, but also the way they operate in real measurements and their
sensing range. We demonstrate the sensing characteristics of both quasi-BICs via bulk RI
measurements and verify the results with electric near-field simulations. Finally, we demonstrate
with simulations how distant from the surface changes in the RI can be sensed. These simulations
replicate the biosensing experiments.
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