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Abstract

In recent years, Bound States in the Continuum (BICs) have become a hot research
topic because of their strong ability to facilitate light-matter interactions, and they are also
an ideal platform for realizing optical resonances with ultra-high quality factors (Q).
Nowadays, BICs have been found to exist in various photonic microstructures and
nanostructures such as waveguides, gratings, and metasurfaces, among which
metasurfaces have attracted much attention due to their ease of adjustment and
considerable robustness. Traditional precious metal-based metasurfaces inevitably have
low Q-factors due to the inherent defect of high ohmic losses. In contrast, due to lower
ohmic losses, all-dielectric metasurfaces can be an excellent alternative to metallic
metasurface structures. In this work, an all-dielectric metasurface is designed, with a
silicon disc as the unit cell, and symmetric protected BIC (SP-BIC) is observed on the

metasurface. When introducing eccentric holes to break the symmetry in the structural
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plane (QBIC), the SP-BIC can be transformed into a quasi-BIC, with radiation dominated
by magnetic dipoles and has a high-quality Q-factor. For QBICs formed on the
metasurface, the resonance wavelength is usually greatly dependent on the refractive
index of the surroundings due to the strong localization of the electric field within the cell.
As the refractive index of the background changes, the positions of the resonance peaks
change accordingly, and identification sensing of some biological components is achieved
by this principle. This metasurface-based bio-refractive index sensor is less invasive in
free space and is expected to overcome the drawbacks of traditional
electrochemical-based biosensing technologies, which have cumbersome detection steps
and high time and material costs. In terms of sensing parameters, due to the quadratic
inverse relationship between the quality factor and asymmetric parameters, by adjusting
the asymmetric parameters, the quality factor will also change, thereby enhancing and
adjusting the sensing performance. After adjusting, the refractive index sensing sensitivity
and figure of merit of this metasurface reach 162.55 nm/RIU and 1711.05 RIU™,
respectively, which are higher than those achieved in many other existing studies. This
high Q-factor all-dielectric metasurface design provides a new avenue for achieving
high-sensitivity and high-precision bio-detection.
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1. Introduction

Waves that are completely confined in the continuum of radiating waves without
interacting with them are called bound states in the continuum (BICs), which are unique
fully confined modes!?. Because of its strong enhancement of the local electric field at
the nanoscale, it has attracted wide attention in the modern nanophotonics community®.
The concept of BIC originated from quantum mechanics and was proposed by von
Neumann and Wigner in 1929 based on the Schrodinger equation'. Since then, it has
been extensively studied in different areas of wave physics, including acoustics,
microwaves, water waves, and nanophotonics®**. In 2008, the concept of BIC was first

introduced into the field of optics™®

. Since then, various optical structures, such as
nano-photonic crystal sheets, optical waveguide arrays, and superstructured surfaces,
have successively achieved high quality factor (Q) resonance through BICs" !, In recent

years, nanophotonic structures have become a particularly attractive platform because of



the ability to customize materials and structures. The ideal BIC is completely decoupled
from the free space radiation, so it has a theoretically infinite quality factor, and the
radiation lifetime tends to be infinite®, which shows that the resonance linewidth of Fano
resonance disappears and the energy is localized in the nanostructure. BIC can be
divided into two types according to the physical mechanism of decoupling: one is the
accidental BIC®?" caused by the continuous adjustment of system parameters; the other
is the (symmetry-protected BIC SP-BIC) caused by the breaking of spatial symmetry,
which leads to the decoupling of discrete modes and continuous radiation modes®?. In a
photonic crystal slab, the mode above the ray of the band structure is usually radiative due
to coupling with the continuum of extended modes. However, due to the symmetry
mismatch between their mode profile and the external propagating mode, some bound
States can exist even above the ray of the band structure. At the I point of the photonic
crystal band, when the operating frequency is below the diffraction limit, the only radiation
state is the normal plane wave® whose electromagnetic field distribution is odd under
180 ° rotation around the z axis, that is C, symmetry, so any even mode at the I point is
BIC™*, because the overlap between their mode distribution and the outgoing wave is
zero. Because SP-BIC is common and easy to implement, it has been found in various

2528 " grating®?”?® and metasurface®®®.

photonic micro-nano structures, such as waveguide
A symmetry-protected BIC is an ideal BIC that does not radiate energy outward and has
zero linewidth, so it cannot be detected in the spectrum. In practical applications,
asymmetric factors (such as eccentric hole, split, inhomogeneous refractive index, highly
tilted, etc.) Are usually introduced into the system to break the symmetry of the structure,
resulting in the coupling between the SP-BIC and the continuum radiation, establishing a
radiation channel and transforming the SP-BIC into a quasi-bound state (QBIC). QBIC
can be considered as a leaky mode with a finite but huge Q factor occurring near the BIC,
which can greatly enhance the local field and the light-matter interaction, and shows a
sharp Fano profile in the transmission spectrum. At the same time, it can be directly
excited by an external light source without a special coupling mechanism. Currently, the
QBIC mechanism has been used in various applications, such as filter®, laser®”,

nonlinear device®, and sensor®®".

In the past decade, metasurfaces have attracted much attention due to their
tunability and robustness. It has been demonstrated that the drastic change of the
Q factor can be achieved by adjusting the asymmetry of the photonic crystal structure
unit®?. Among them, traditional metasurfaces based on noble metals inevitably have low
Q factors due to the inherent defect of high ohmic loss®®***. All-dielectric metasurfaces
are expected to be excellent alternatives to plasmonic metasurfaces due to their flexible
tunability, low ohmic loss, strong locality, and ultra-compact structure. Up to now, many
metasurface structures supporting QBIC high Q resonances have been proposed, such



as tilted dielectric ridge®, dielectric split ring®®, and dielectric cubes of unequal size®”. In
practical applications, optical sensing based on the spectral shape of the optical
resonance caused by the change of the medium environment, the change of the
resonance wavelength and intensity has been successfully demonstrated™**®. For QBIC
formed on metasurfaces, due to the strong localization of the electric field within the unit
cell, the resonance wavelength usually has a strong dependence on the refractive index
of the surrounding environment®™, which is usually used to realize optical sensing. The
highQ factor of QBIC can bring high sensitivity and greater figure of merit to optical

Sensors.

In the past few decades, the application of optics in biosensing has attracted great

attention in the fields of biochemistry and medicine!***?

. Especially in cell scanning
imaging and biological protein detection and identification. However, the traditional
electrochemical-based biosensing technology is usually cumbersome in terms of
equipment and detection steps. For example, when using transmission electron
microscopy to observe and analyze cells and biological proteins, the cost of time and
materials is very high, and the sample preparation process is complex, which limits its
application™*?in basic research. The traditional biosensing method based on
fluorescence labeling also has the disadvantages of requiring complex instruments and
labels, not being able to detect in real time, causing certain damage to the sample, and
being expensive. Relatively speaking, optical biosensing technology has low invasiveness
to overcome the above shortcomings. In addition, because optical biosensors have
relatively stable and non-conductive sensing elements, they also show strong advantages
in complex environments, such as strong electric fields, strong electric waves or extreme

[45,46]

temperature conditions In recent years, many new optical mechanisms for

47 surface plasmon™® and

biosensing have been proposed, such as microcavity
micro-nano suspended channel resonator®. Although these new methods have shown
potential for practical applications in some areas, they still have some inherent drawbacks,
such as high resistance losses, complex structural design, and low tunability. As a unique
new mechanism for enhancing light-matter interaction, all-dielectric metasurfaces
supporting QBIC have not been fully exploited in the field of biosensing. At present, the
research on BIC sensors mainly focuses on the basic sensing of refractive index and

temperature change®®*"

, and the research on biosensing is less, and the sensing
parameters are relatively low. Therefore, it is necessary to propose a new label-free, rapid
and real-time method for the efficient detection of biological proteins with higher sensitivity

and lower cost.

In this paper, we propose a possible method for detecting biological proteins on

all-dielectric metasurfaces supporting high-quality magnetic dipole (MD) QBIC



resonances with Q factors higher than 10°. Breaking the in-plane structural symmetry by
introducing an eccentric hole, the SP-BIC transforms into a QBIC with an ultrahigh
Q factor, accompanied by a huge local field enhancement. At the same time, it has lower
ohmic loss and higher tunability than the traditional plasmonic metasurface. By controlling
the value of the asymmetry parameter, the spectral line width of the QBIC mode can be
flexibly controlled, and the quality factor can be theoretically improved to an arbitrary value,
so that the sensing performance can be improved and adjusted. By adjusting, the figure of
merit (FOM) can be as high as 1711.05 RIU™, which is higher than many reported results
based on other traditional methods. The sensing performance of high FOM endows the
sensor with higher accuracy in the detection of biological proteins, which can detect small
refractive index changes more accurately, thus providing more reliable detection results. It
can be seen that the biosensor based on QBIC has excellent performance. In addition, the
simple design allows the sensor to adapt to a variety of complex detection environments,
which further expands its application prospects in the field of biomedical detection. The
results of this study demonstrate the potential of this new sensor. This all-dielectric
metasurface design with high Q factor is expected to play an important role in the
development of future biosensors, providing a new way for high-sensitivity and

high-precision biological detection.

2. Structure design and simulation

The minimum structural unit of the designed all-dielectric metasurface structure is
shown in Fig. 1. A silicon nanodisc with radius R = 300 nm and height H= 100 nm is
placed on a glass substrate with thickness of 1000 nm. The periodic size of the structural
unit is P, =P, = 900 nm. An eccentric hole with a variable radius r is introduced within a
fixed distance of 150 nm from the center of the nanodisc, as shown in Fig. 1(b). The
in-plane symmetry is broken, which allows the establishment of radiation channels and
the transition of the resonance state from the symmetry-protected BIC to the quasi-BIC.
By changing the size of the radius r, the asymmetry of the structure can be regulated, and
then the quasi-BIC resonance can be regulated. The simulation is carried out in the
commercial software Lumerical FDTD Solutions, using the (finite-difference time-domain
method, FDTD), which has been proved to be an effective means to provide accurate
predictions for electromagnetic interaction problems®?. The light source of the system is
set as a near-infrared plane wave of 1400-1700 nm incident along the - z axis, and the
electric field and magnetic field are polarized along the y axis and x axis, respectively.
Therefore, the periodic boundary condition is used in the x-y plane, and the perfect

matched layer is used in the z direction. To simulate convenience, the refractive indices of



silicon and glass were set to 3.48 and 1.5, respectively, and the background was set to a

uniform background with a refractive index of 1.
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Figure 1. (a) Schematic of the proposed all-dielectric metasurface, the structural
parameters are P, = P, = 900 nm, R =300 nm, H = 100 nm, and the thickness of the glass
substrate is set to 1000 nm; (b) an off-centered hole with variable radius r is introduced at
a fixed distance of 150 nm from the center of the disc to break the C, symmetry of the
structure; (c) front view of the silicon nanodisc metasurface.

As shown in Fig. 2(a), an ideal independent periodic array of silicon nanodisks with
C, symmetry without a substrate is first considered. To find the BIC, a dipole cloud was
used to excite all possible resonant modes supported by the periodic array®, and the
resulting photonic band structure is shown in the Fig. 2(b). The location of the SP-BIC is
marked by a red circle in the figure, which is at the I point of the first Brillouin zone and
within the frequency range of the second near-infrared region. Its corresponding
frequency is below the diffraction limit of the given periodic structure, in which case the
only radiation channel is a plane wave propagating in the normal direction®. The
electromagnetic field vector of the SP-BIC mode is odd under the C, symmetry. Due to the
symmetry mismatch, the resonant mode becomes completely confined and no longer
couples with other radiation channels in free space, which leads to a theoretical infinite
Q factor®*. When the in-plane symmetry is broken by the introduction of defects, the
radiation channel will be opened, so that the SP-BIC will be transformed into a QBIC with
a finite and huge Q factor, which shows a clear Fano feature in the optical response

spectrum.
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Figure 2. (a) Schematic of a metasurface consisting of periodically aligned arrays of
silicon nanodiscs; (b) calculated photonic band structure of the periodically aligned silicon
nanodisk array in panel (a), grey shading indicates the region located below the
free-space light cone, the location of the trapped symmetrically protected BIC is marked
with a red circle.

In practice, periodically arranged silicon nanodisks cannot be suspended in air, so a
glass substrate with a low loss index is introduced here. The presence of the substrate will
cause a small amount of bound energy to leak out of the open radiation channel in the
substrate, resulting in a reduction in the Q factor®. However, the SP-BIC supported by
the proposed structure is quite robust®®, and the presence of the substrate does not have
a significant impact. QBIC resonance is closely related to radiation leakage, so the
radiation rate and transmission line width can be adjusted by controlling the geometric
parameters. With the increase of the eccentric hole radius, the linewidth of the
transmission spectrum at the resonance of the QBIC increases gradually. In order to show
the transition from SP-BIC to QBIC more intuitively, the transmission spectrum with the
change of the eccentric hole radius is calculated as shown in the Fig. 3(a). It can be seen
from the Fig. 3(a) that when the eccentric hole radius r is zero, the transmission linewidth
is also zero, which means that the resonance peak disappears and no energy leaks from
the bound state to the free-space continuum state, and the corresponding Q factor is
theoretically infinite. When the r increases, the propagation dip is slightly blue-shifted and
broadened, and the QBIC exchanges energy with the continuous free-space radiation
mode, resulting in a sharp Fano resonance®. As shown in Fig. 3(b), considering the
single case of r =75 nm, it can be seen from Fig. 3(b) that the transmission spectrum
shows an asymmetric line shape and a narrow dip at A = 1458.11 nm, which is in good
agreement with the Fano line shape in the framework of the classical (coupled-mode
theory CMT). To illustrate this, the transmission spectrum is fitted by the classical Fano

formulal®®®™:
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Figure 3. (a) Transmission spectrum of the silicon nanodisk metasurface on a glass
substrate concerning the radius of the off-centered hole, the corresponding position of the
SP-BIC is marked using a basket circle; (b) transmission spectrum at r= 75 nm and
comparison with the fitted curve of Fano’s formula; (c) the multilevel unfolding of the
silicon metasurface resonance atr = 75 nm shows that the MD response is dominant at
the resonance wavelength position; (d) the relationship between the Q-factor and the
asymmetry parameter a, which is plotted in logarithmic coordinates to visualize the
relationship; (e) image of the x-y plane electric field distribution at resonance in the case
of r =75 nm, with the red arrows indicating the in-plane circulating displacement currents.

- la+2(0-wo)/¥1
T(@) =To+ Ao o oo (1)

Where wy is the resonance center frequency, y is the resonance linewidth, T, is the
background scattering parameter, A, is the coupling coefficient between the continuum
state and the discrete state, and ( is the Breit-Wigner-Fano parameter, which determines
the asymmetry of the resonance curve. According to the fitting formula, we can calculate
Q =woly®®. As shown in Fig. 3(d), the Q factor of the QBIC mode for different eccentric
hole radii is calculated and plotted as a function of the asymmetry parameter, where the
asymmetry parameter ais defined as the ratio of the eccentric hole area (S,) to the
original silicon disk area (Sy):



a===—. (2)

In order to see the relationship between the Q factor and the asymmetry parameter
a more intuitively, the coordinates in the figure are plotted with logio-log;o scale. From the
Fig. 3(d), it can be seen that the Q factor and a have an obvious inverse quadratic
relationship®®? in the appropriate range:

Q(a) = Qola] ™%, (3)

Where Qg is a constant determined by the metasurface structure and is independent
of the asymmetry parameter a. The results show that the Q factor of the QBIC resonance
supported by the silicon nanodisk can be adjusted over three orders of magnitude with the
change of the radius of the eccentric hole, which can actively adjust the coupling
efficiency and the Q factor to a great extent, and such a large Q factor also provides a
great application prospect for the realization of high-resolution optical biosensors. In order
to further explore the radiation mechanism of QBIC resonance, as shown in Fig. 3(c),
through the multi-level decomposition®*®® of the scattering cross section of the optical
resonance response at r = 75 nm, it is found that the radiation power of MD is the largest,
and the contribution of other polar resonances is very weak, which further indicates that
this QBIC radiation state is absolutely dominated by MD response, which represents the
radiation channel coupled with the outgoing wave in the system. The near-field distribution
of the electric field on the corresponding x-y plane when the Fig. 3(e) is r =75 nm. From
the Fig. 3(e), it can be seen that the electric field is greatly enhanced at the eccentric hole,
indicating that the incident light along the -z direction is strongly trapped in the
metasurface by the magnetic dipole oscillation, and the huge Q factor can significantly
enhance the interaction between local light and matter. The superimposed arrows indicate
the in-plane circulating displacement current, which is typical of magnetic dipole

resonance®®?,

In the actual manufacturing process, high Q factor metasurfaces require high
manufacturing process, because their near-field coupling effect is very sensitive to
manufacturing errors, which will lead to more light radiation into free space and reduce the
Q factor. Therefore, achieving a high Q factor requires a reduction in scattering losses
due to manufacturing errors. Although this study is limited to the simulation level, some
recent literature has provided further support for our experimental feasibility. In 2024, Hu
et al. Demonstrated the actual fabrication of tunable cuboid array metasurface based on
QBIC® and the experimental and simulation results were integrated. For the preparation
of the proposed metasurface structure, a silicon film was first deposited on a

SiO, substrate by (low-pressure physical vapor deposition LPCVD), and then ZEP520



resist was uniformly spin-coated on the sample and baked. Next, the desired metasurface
can be obtained by (electron beam lithography EBL) and (inductively coupled plasma
etching ICP). Finally, plasma cleaning is performed after the resist is removed. The
desired metasurface can be fabricated with only a few simple processes.

3. Results and Discussion

The QBIC resonance mode supported by the proposed metasurface structure
corresponds to a wavelength in the near-infrared two-region range, which is often used for
biological and medical detection. In general, the resonant wavelength position of the
metasurface structure also changes with the change of the surrounding dielectric constant,
and with the increase of the effective refractive index, there will be a red shift in the
transmission spectrum'®. Therefore, the study in this paper also has the potential to be
used as a biosensor. In this paper, the influence of different biological components (the
refractive index of different biological components is denoted as RI) on the QBIC
resonance is simulated by changing the refractive index of the background environment.
Under the default condition, the background is ideal air, so the background refractive
index (denoted as ng) is set to ng = 1. In the selection of the eccentric hole radius, although
the smaller the radius r, the larger the Q factor obtained, the narrower the resonance
linewidth, and the larger the corresponding figure of merit. However, considering that the
amplitude signal of the formant will decrease with the decrease of the radius r, the formant
will disappear completely when r= 0, which is not conducive to the detection of the
detection instrument in practical application. After comparative screening, the radius of the
eccentric hole here is r= 25 nm. According to the Q-a relationship in Fig. 3(d), the
Q factor at this time can reach an astonishing level of 10°. As shown in the Fig. 4(a), the
transmission spectrum has an obvious red shift with the increase of the background
refractive index, because the increase of the background refractive index will lead to the
decrease of the overall effective refractive index of the metasurface structure unit. Here,
the background refractive index ng varies from 1.00 to 1.48, and the refractive index of
many biological components is in this range, such as saline (NS, Rl = 1.33), white blood
cells (WBC, RI = 1.36), red blood cells (RBC, Ri = 1.40), and protein, RNA or DNA (Ri =
1.46)° In order to further study this performance, the relationship between the
resonance peak wavelength position (Aq,) and the full width at half maximum (FWHM) of
the transmission spectrum and ng is analyzed, and the results are shown as Fig. 4(b),(c).
From the Fig. 4, it can be seen that there is a linear relationship between the Ay, and
FWHM and the background refractive index ng , which can be used to sense the refractive

index of biological components. Sensitivity S and figure of merit (FOM) are two important



indexes to measure the characteristics of sensors. For a refractive index sensor, the

sensitivity S is defined as®™":
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Figure 4. (a) Transmission spectra at different background refractive indices; (b) variation
of resonance wavelength with background refractive index; (c) variation of half-height
width FWHM with background refractive index; (d) linear fit to the variation of resonance
wavelength with background refractive index redshift, the sensitivity S and the superior
value FOM are calculated from the fitted gradient, the RIs of multiple biological
components are labeled in the fitted straight line.

s=2 (4)

ATlB’

Where A Ais the change in resonance wavelength position, Ang is the change in

background refractive index, and the unit of S is nm/RIU. The figure of merit FOM is

FOM = S/FWHM, (5)

Where FWHM is the full width at half maximum of the resonance peak of the
transmission spectrum, and the unit of FOM is RIU™. Corresponding to the data in the Fig.
4(b), the performance of the sensor is characterized by S = 165.22 nm/RIU, FOM =
1711.05RIU atr =25 nm™.

The Tab. 1 is the comparison of the sensing performance between the metasurface

structure proposed in this paper and the structure proposed in the literature. It can be



seen that the structure designed in this paper has not only high sensitivity, but also high
FOM and Q factor. At the same time, the designed metasurface as an optical platform in
free space provides greater convenience for biosensing operation, and the simple
structural design saves a lot of trouble for the actual etching preparation.

Table 1. Comparison of the sensing performance of different mechanisms of metasurface
structures and the present study.

Mechanism Materical Q-factor  S/(nm-RIU7Y) FOM/RIU™ Reference
Surfaceplasmon Au 121 250 28 [68]
Surfaceplasmon Au ~40 450 28.8 [69]
Surfaceplasmon Au ~8 170 1.3 [70]
SP-BIC Si 3326 145 389 [71]
SP-BIC Si 8428 160 575 [72]
SP-BIC SisN, ~10° 178 445 (73]
Fano resonance TiO2 5126 186.96 721 [74]
Accidental BIC GaP <10 135 <10° [39]
SP-BIC Si 16506 162.55 1711.05 This work

4. Conclusion

In summary, a novel all-dielectric metasurface structure is proposed to realize
refractive index sensing of biological proteins. The metasurface consists of periodically
arranged silicon disks with eccentric holes on a glass substrate, which can support
symmetry-protected bound States in a continuous medium. When the in-plane symmetry
of the metasurface is broken, the SP-BIC is transformed into a QBIC with a high Q factor,
thus realizing a Fano resonance with a sharp asymmetric line shape. The sensitivity of
this resonance peak is very sensitive to the change of ambient refractive index, so it can
be used for accurate sensing of biological refractive index. Based on the QBIC with high
Q factor, this metasurface can achieve the sensitivity and figure of merit of 162.55 nm/RIU
and 1711.05 RIU™, respectively, which are higher than many existing studies. Based on
the high FOM sensing performance, the metasurface has lower ohmic loss and higher
tunability than the traditional plasmonic metasurface. Therefore, this metasurface
demonstrates significant application potential in cell scanning imaging and refractive index
measurement of biological proteins, providing higher detection sensitivity and wider

applicability.
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