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Abstract: Bound states in the continuum (BICs) are ideal for realizing optical resonances with ultra-
high quality factors (Q) because of their extreme ability to facilitate light-matter interactions and strong 
field confinement. In this work, an all-dielectric metasurface whose unit cell consists of a silicon disc is 
designed, on which a symmetry-protected BIC (SP-BIC) is observed, and the breaking of the in-plane 
symmetry can be made to transform it into a quasi-BIC (QBIC) with a high-quality factor. A refractive 
index sensor is realized based on the principle that the resonance peak's position changes with the 
background refractive index change. Using the quadratic inverse relationship between the quality factor 
and the asymmetry parameter, the quality factor is changed by adjusting the asymmetry parameter to 
optimize the sensing performance. After tuning, the refractive index sensing sensitivity and figure of merit 
of this metasurface reached 265.58 nm/RIU and 2178.31 RIU-1, respectively, a parameter that exceeds 
many existing research results. This all-dielectric metasurface design with a high Q-factor pushes the 
BIC-based refractive index sensing to higher sensitivity and higher accuracy. 
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1. Introduction 

Waves that are completely confined in the continuum spectrum of radiated waves without interacting 
with them are known as bound states in the continuum (BICs), which are a unique type of fully confined 
modes [1,2]. The concept of BICs originally originated in quantum mechanics and has since been 
extensively studied in different fields of fluctuation physics, including acoustics, microwaves, water 
waves, and nanophotonics[3–5]. In 2008, the concept of BIC was first introduced into the field of optics[6]. 
Since then, various optical structures such as thin nanophotonic crystals, optical waveguide arrays, and 
metasurfaces have been successively realized with high Q-factor resonance by BIC[7,8]. The ideal BIC is 
completely decoupled from the free-space radiation with a theoretically infinite quality factor, and the 
radiation lifetime tends to infinity [9], which is manifested spectrally by the disappearance of the 
resonance linewidth of the Fano resonance. According to the physical mechanism of decoupling, BICs 
can be divided into two categories: accidental BICs, in which the continuous adjustment of system 
parameters leads to accidental decoupling[10,11], and symmetry-protected BICs (SP-BICs), in which 
discrete modes and continuous radiation modes are decoupled due to the breaking of spatial symmetry[12]. 
In photonic crystal slabs, modes above the light with structure are usually radiative due to coupling to 
the continuum of extended modes. However, due to the symmetry mismatch between their mode profiles 
and the external propagation modes, certain bound states can exist even above the light of the band 
structure. At the Γ point of the photonic crystal energy band, when the operating frequency is below the 
diffraction limit, the only radiating state is a normal plane wave [13], whose electromagnetic field 
distribution is singular, i.e., C2-symmetric, under a 180° rotation about the z-axis, and thus any even 
modes at the Γ point are BICs[14]since the overlap between their mode distribution and the outgoing wave 
is zero. Since SP-BICs are more common and easy to implement, they have been found in various 
photonic micro- and nanostructures such as waveguides [15,16], gratings[17], and metasurfaces[18]. 
Symmetry-protected BICs are ideal BICs that do not radiate energy outward and have zero linewidth, 
and therefore cannot be detected in the spectrum. In practical applications asymmetric factors are usually 
introduced into the system to break the symmetry of the structure leading to coupling between the SP-
BIC and the continuum radiation, creating a radiation channel that transforms the SP-BIC into a quasi-
BIC (QBIC). The QBIC can be considered as a leakage mode occurring in the vicinity of the BIC with a 
finite but large Q-factor, which is manifested in the transmission spectrum as having a sharp Fano line 
shape 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 
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applications such as filters[19], lasers [20], nonlinear devices[14], and sensors [21]. 

In the last decade, metasurfaces have attracted significant attention due to their easy tunability and 
notable robustness. Among these, conventional noble metal-based metasurfaces inevitably exhibit low 
Q-factors because of the inherent issue of high ohmic losses[22,23]. In contrast, all-dielectric metasurfaces 
are anticipated to serve as an excellent alternative to plasma-based metasurface structures, thanks to their 
flexible tunability, low ohmic loss, strong localization, and ultra-compact design. To date, many 
metasurface structures supporting QBIC high-Q resonance have been proposed, such as tilted dielectric 
ridges[24], dielectric split rings [25], and unequal-scale dielectric cubes[26]. In practical applications, optical 
sensing, which relies on changes in spectral shape, resonance wavelength, and the intensity of optical 
resonance caused by alterations in the dielectric environment, has been successfully demonstrated[27]. For 
QBICs formed on metasurfaces, the resonance wavelength typically shows a strong dependence on the 
refractive index of the surrounding environment due to the intense localization of the electric field within 
the cell[28], a property frequently utilized for optical sensing. The high Q-factor of QBICs can result in 
enhanced sensitivity and a greater figure of merit for optical sensors. 

In this paper, a structure of an all-dielectric metasurface refractive index sensor supporting a high Q-
factor QBIC resonance whose leaked radiation is dominated by an electric quadrupole (EQ), which can 
have a Q-factor of more than 105 under specific conditions is proposed. By breaking the symmetry of 
the in-plane structure, the SP-BIC transforms into a QBIC with an ultra-high Q-factor, accompanied by 
a The SP-BIC is transformed into QBIC with ultra-high Q-factor by breaking the symmetry of the in-
plane structure, which is accompanied by huge local field enhancement. At the same time, it has lower 
ohmic loss and higher tunability than conventional plasma metasurfaces. By controlling the value of the 
asymmetry parameter, the spectral linewidth of the QBIC mode can be flexibly controlled, and the 
sensing performance can be enhanced and tuned. Through tuning, the sensitivity and figure of merit can 
be as high as 265.58 nm/RIU and 2178.31 RIU-1, which are higher than many published results based on 
other conventional methods. The high FOM sensing performance endows the sensor with higher 
accuracy to detect small refractive index changes more precisely, thus providing more reliable detection 
results, as can be seen from the excellent performance of this QBIC-based refractive index sensor. In 
addition, the simple design allows the sensor to be adapted to a variety of complex detection 
environments, expanding its application prospects in a variety of refractive index sensing areas. 

2. Structural design and simulation 

The minimum structural unit of the designed all-dielectric metasurface structure is shown in Figure 
1. Silicon nanodisks with radius R=300nm and height h=100nm are placed on a glass substrate with a 
thickness of 1000nm. The periodic dimension of the structural unit is Px=Py=700nm. The in-plane 
symmetry of the structure is broken by introducing an eccentric hole of variable radius r at a fixed 
distance of 150nm from the center of the nanodisc, as schematically shown in Figure 1(b). The in-plane 
symmetry is broken, allowing the establishment of radiation channels and the transition of the resonance 
state from a symmetry-protected BIC to a quasi-BIC.The simulations are carried out in the commercial 
software Lumerical FDTD Solutions, and the numerical simulations are performed using the finite-
difference time-domain (FDTD) method, which is an effective means of providing accurate predictions 
for electromagnetic interaction problems [29]. The light source of the system is set to be a near-infrared 
plane wave between 1090 nm and 1250 nm incident along the -z-axis, and the electric and magnetic 
fields are polarised along the y and x axes, respectively, so that a periodic boundary condition is applied 
in the x-y plane and a perfectly matched layer is used in the z-direction. To simplify the simulation, the 
refractive indices of silicon and glass are set to 3.53 and 1.45 respectively, and the background is set to 
a uniform background with a refractive index of 1. 
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Fig. 1 (a) Schematic of the proposed all-dielectric metasurface. The structural parameters are 

Px=Py=700nm, R=300nm, h=100nm, and the thickness of the glass substrate is set to 1000nm. (b) An 
off-centered hole with variable radius r is introduced at a fixed distance of 150nm from the center of 

the disc to break the C2 symmetry of the structure. (c) Front view of the silicon nanodisc metasurface. 

As shown in Figure 2(a), the first consideration is a substrate-free C2-symmetry silicon nanodisk 
consisting of ideally independent periodic arrays. To search for the BIC, all possible resonance modes 
supported by the periodic array were excited using a dipole cloud[30], and the resulting photonic band 
structure is shown in Figure 2(b). The position of the SP-BIC is marked with a red circle in the figure at 
the Γ point of the first Brillouin zone and lies in the near-infrared-II (NIR-II) frequency range. Its 
corresponding frequency is below the diffraction limit for a given periodic structure, and the only 
radiation channel in this case is a plane wave propagating along the normal direction[12]. The 
electromagnetic field vector of the SP-BIC mode is singular under C2-symmetry, and due to the symmetry 
mismatch the resonance modes are completely confined and no longer coupled to the other radiation 
channels in free space, leading to the theoretically infinite Q-factor[31,32]. If a defect is introduced to break 
the in-plane symmetry, the radiation channels are opened, transforming the SP-BIC into a QBIC with a 
finite and large Q-factor and a distinct Fano signature in the optical response spectrum.  

 
Fig. 2 (a) Schematic of a metasurface consisting of periodically aligned arrays of silicon nanodiscs. (b) 

Calculated photonic bandstructure of the periodically aligned silicon nanodisk array in (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, the periodically aligned silicon nanodiscs need to be placed on a substrate, so here a 
glass substrate with a low loss index is introduced, and the presence of the substrate causes a small 
amount of bound energy to leak out of the open radiation channels in the substrate, which in turn leads 
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to a decrease in the Q-factor as well as a change in the resonance position [33]. However, the SP-BIC 
supported by the proposed structure is quite robust[34] and the presence of the substrate does not have 
a significant effect. The QBIC resonance is closely related to the radiation leakage and therefore the 
radiation rate and transmission linewidth can be tuned by controlling the geometrical parameters. The 
linewidth of the transmission spectrum at the QBIC resonance gradually increases as the radius of the 
eccentric aperture increases. To demonstrate this SP-BIC to QBIC transition more intuitively, the 
transmission spectra with variation of the eccentric aperture radius are calculated as shown in Figure 
3(a). From the figure, it can be seen that the transmission line width is also zero when the eccentric 
hole radius r is 0. This means that the resonance peak disappears and there is no energy leakage from 
the bound state to the free space continuum, corresponding to a theoretical infinity of the Q-factor. In 
contrast, as r increases, the transmission slope is slightly blueshifted and broadened, and the QBIC 
exchanges energy with the continuous free space radiation mode, manifesting as a sharp Fano 
resonance [35]. As shown in Fig. 3(b), a single case of r = 75 nm is considered, from which the 
transmission spectrum shows an asymmetric line shape and a narrow dip at λ = 1093.44 nm, which 
agrees well with the Fano line shape in the classical coupled mode theory (CMT) framework, and to 
illustrate this the transmission spectrum is fitted using the classical Fano formulae [36,37]: 
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where ω0 is the resonance center frequency, γ is the resonance line width, T0 is the background 
scattering parameter, A0 is the coupling coefficient between the continuous and discrete states, and q is 
the Breit-Wigner-Fano parameter which determines the asymmetry of the resonance curve, and Q = ω0/γ 
can be calculated according to the fitting equation[32]. As shown in Fig. 3(d), the Q factor of the QBIC 
mode for different eccentric hole radius conditions is calculated and plotted as a functional 
correspondence with the asymmetry parameter, where the asymmetry parameter α is defined as the ratio 
of the area of the eccentric hole (noted as S1) to the area of the original silicon wafer (noted as S0): 
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For a more intuitive visualization of the relationship between the Q-factor and the asymmetry 
parameter α, the coordinates are plotted on a log10-log10 scale, from which it can be seen that the Q-factor 
and α have a clear inverse quadratic relationship within a reasonable range[35]: 
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0( ) [ ]Q Qα α −=                             (3) 

where Q0 is a constant determined by the metasurface structure, independent of the asymmetry 
parameter α. The results show that the Q-factor of the QBIC resonance supported by the silicon nanodiscs 
is regulated over three orders of magnitude with the variation of the radius of the eccentric pore, which 
can actively regulate the coupling efficiency and the magnitude of the Q-factor to a large extent, and at 
the same time, such a large Q-factor also provides a great application prospect for the realization of high-
resolution optical biosensors. To further explore the radiative mechanism of the QBIC resonance, as 
shown in Figure 3(c), a multi-level decomposition of the scattering cross section by the optical resonance 
response at r = 75 nm [38,39], reveals that the QE has the largest radiative power and the contributions of 
all other polariton resonances are very weak, further suggesting that such a QBIC radiative state is 
dominated by the QE response, which represents the coupling to the outgoing wave in the system. Figure 
3(e) shows the near-field distribution of the electric field in the corresponding x-y plane at r = 75 nm. It 
can be seen that the electric field is strongly enhanced at the eccentric hole, indicating that the incident 
light along the -z direction is strongly confined within the metasurface by the magnetic dipole oscillations, 
while the large Q-factor significantly enhances the local light-matter interaction. The superimposed 
arrows indicate the distribution of in-plane displacement currents, which is characteristic of electric 
quadrupole resonances[40,41]. 
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Fig. 3 (a) Transmission spectrum of the silicon nanodisk metasurface on a glass substrate relative to 
the radius of the eccentric hole, with the corresponding position of the SP-BIC marked by a basket 
circle. (b) Transmission spectrum at r = 75 nm and comparison with the fitted curve of the Fano 

formula. (c) Multilevel unfolding of the silicon metasurface resonance at r = 75 nm, shows the absolute 
dominance of the QE response at the resonance wavelength position. (d) The relationship between the 

Q-factor and the asymmetry parameter α, is plotted in logarithmic coordinates to visualize the 
relationship. (e) Image of the x-y plane electric field distribution at resonance for r = 75, with the red 

arrow indicating the direction of the in-plane displacement current. 

3. Results and discussion 

The wavelengths corresponding to the QBIC resonance modes supported by the proposed 
metasurface structures are in the NIR-II frequency range, and light waves in this range are commonly 
used for biological and medical detection. Usually, the resonance wavelength position of the metasurface 
structure also changes with the change of the surrounding dielectric constant, resulting in a redshift of 
the transmission spectrum as the effective refractive index increases[42]. Therefore, the study in this paper 
also has the potential to be used as a biosensor. Here, the effect on the QBIC resonance is first investigated 
by varying the refractive index of the background environment by simulation. The background in the 
standard condition is ideal air, so the background refractive index (noted as nB) is set to nB = 1. Here, the 
radius of the eccentric aperture is set to r = 35 nm, and according to the Q-α relationship in Fig. 3(d), the 
Q factor at this point can reach 8379. As shown in Fig. 4(a), there is a significant redshift of the 
transmission spectra as the background refractive index increases, which is attributed to the fact that an 
increase in the background refractive index leads to an increase in the overall effective refractive index 
of the metasurface structural unit. Here the background refractive index nB varies between 1 and 1.40 
and the refractive indices of many biological components are in this range. To investigate this property 
further, the position of the resonance peak wavelength in the transmission spectrum (referred to as λdip) 
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and the relationship between the full width at half maximum (referred to as FWHM) and nB were analyzed 
and the results are shown in Figure 4(b). From the figure, it can be seen that there is a linear relationship 
between these two quantities and the background refractive index nB and that the detection of the 
refractive index of biological components can be achieved using this linear dependence. Sensitivity S 
and Figure of Merit FOM are two important measures of sensor characteristics. For the refractive index 
sensor, the sensitivity S is defined as[43]: 

B

S
n
λ∆

=
∆

                                   (4) 

where Δλ is the amount of change in the position of the resonance wavelength, ΔnB is the amount of 
change in the refractive index of the background, and S is in units of nm/ RIU. figure of merit FOM: 

M
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Where FWHM is the full width at half maximum of the resonance peak of the transmission spectrum 
and FOM is in units of RIU-1. Corresponding to the data in Figure 4(b), the performance of the sensor is 
characterized as S = 265.58 nm/RIU and FOM = 2178.31RIU-1.  

 
Fig. 4 (a) Transmission spectra at different background refractive indices. (b) Variation of resonance 

wavelength and full width at half maximum (FWHM) with background refractive index. (c) A linear fit 
to the variation of the resonance wavelength with background refractive index redshift. The sensitivity S 

and the figure of merit FOM are calculated from the fitted slope.  

4. Conclusions 

In summary, a novel all-dielectric metasurface structure is proposed to enable refractive index sensing 
with high sensitivity and accuracy. This metasurface consists of periodically arranged silicon wafers with 
eccentric holes on a glass substrate, which can support a symmetry-protected bound state in a continuous 
medium. When the in-plane symmetry of the metasurface is broken, the SP-BIC transforms into a QBIC 
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with a high Q-factor, resulting in a Fano resonance with a sharp asymmetric line shape. The sensitivity 
of this resonance peak is very sensitive to changes in the surrounding refractive index and can therefore 
be used for accurate refractive index sensing. Based on the QBIC with a high Q-factor, this metasurface 
can achieve biological refractive index sensing with sensitivity and figure of merit of 265.58 nm/RIU 
and 2178.31 RIU-1, respectively, which are higher than many existing studies. In addition to the high 
FOM sensing performance, this metasurface has lower ohmic loss and higher tunability compared to 
conventional plasma metasurfaces. As a result, this metasurface shows significant application potential 
for refractive index sensing measurements, offering higher detection sensitivity and broader applicability. 
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