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A B S T R A C T

All-dielectric metasurfaces supporting resonant quasi-bound states in the continuum (qBIC) offer an ideal
platform for various applications relying on intense light–matter interaction in highly localized and enhanced
fields. Here, we propose a dielectric metasurface composed of hollow GaP nanocuboid quadrumers periodically
arranged on a silica substrate. The metasurface supports a qBIC resonant mode with an antiferroelectric field
configuration, which is very robust to large perturbations of the cuboid structure thanks to its perpendicular
electric dipole field profile. The perturbed quadrumer arrangement retains C4𝑣 symmetry, thus allowing for
polarization-independent optical response for normally incident planewaves. In addition, the resonant mode
dispersion is investigated, revealing interesting features, such as low birefringence along the ΓM contour of
the Brillouin zone and very low dispersion for the TM polarization along the ΓX direction. The metasurface
is designed to resonate close to 785 nm, which is highly relevant for Raman spectroscopy, leveraging the
strong field enhancement at the interface with the overlayer material. Moreover, its performance as a bulk
refractometric sensor is discussed. The proposed dielectric metasurface is promising for emerging photonic
phenomena where strong light–matter interaction plays a key role.
1. Introduction

Optical sensing techniques are crucial in various fields such as
biomedicine, material science, and environmental monitoring due to
their fast and robust ability to detect and differentiate target ob-
jects from diverse samples. Recently, nanophotonic metasurfaces have
emerged as a promising platform to enhance sensing technologies [1].
These are artificial photonic devices made up of subwavelength
nanoresonators and their functionalities can be customized by manipu-
lating their geometric parameters [2]. For optical sensing, their ability
to concentrate light into nanoscale electromagnetic hotspots has been
utilized to boost the sensitivity of different detection techniques. On
the other hand, vibrational spectroscopy based on nanophotonics, such
as surface enhanced Raman spectroscopy (SERS), offers an alternative

∗ Corresponding author.
E-mail address: dimitrios.zografopoulos@artov.imm.cnr.it (D.C. Zografopoulos).

method to refractometric detection for biomolecular sensing [3]. In par-
ticular, it provides chemically specific information about each analyte
and facilitates label-free sensing and monitoring of chemical reactions
and interaction kinetics between various analytes.

For a long time, the domain of metasurfaces was dominated by plas-
monic materials due to their ability to support localized surface plas-
mon resonances [4], which results in strong, subwavelength concentra-
tion of the electric field around the plasmonic particles/oligomers [5,
6], or in deeply subwavelength resonant cavities [7]. This feature is
particularly useful for applications such as refractometric sensing and
SERS, where the enhanced electromagnetic field at the metasurface
interface with the external medium significantly improves the sig-
nal strength. However, plasmonic metasurfaces suffer from substantial
ohmic losses, which limit the quality factor (𝑄-factor) [8] and hence
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the sensor’s figure of merit (FoM) [9]. In addition, such ohmic losses
lead to local heating, which can damage the biological analyte in the
case of biosensing.

To tackle such issues, dielectric metasurfaces have emerged as a
promising alternative, offering high 𝑄-factor and low ohmic losses,
thanks to their ability to support electric and magnetic Mie-type res-
onances [10]. These resonances occur when the incident light excites
electric and magnetic multipoles inside the dielectric particles, leading
to an optical response, which exhibits similarities to localized sur-
face plasmons in their far field optical behavior. By exploiting the
symmetries of the periodic metasurface structure, Mie-type resonances
can be of dark nature, also known as bound states in the continuum
(BIC), and hence not externally accessible. However, they can mani-
fest as quasi-BIC (qBIC) by perturbing the metasurface symmetry and
offer control over the radiative 𝑄-factor value, which asymptotically
diverges to infinity. Thanks to the high 𝑄-factors and the associated
strong field confinement, BIC metasurfaces have emerged as a platform
for an abundance of applications based on strongly resonant light
manipulation. Some examples include the enhancement of nonlinear
phenomena, such as higher harmonic generation, light emission and
lasing with scalable emission volume and high Purcell factor, biosens-
ing, narrowband dichroism in chiral configurations, and narrowband
super absorption [11,12]. Although BIC can manifest in both metallic
and dielectric metasurfaces, the former being a promising platform for,
e.g., THz applications where losses in metallic resonators are tolera-
ble [13,14], in the infrared or visible spectrum dielectric transparent
materials are needed in order to experimentally observe strong BIC
resonances.

Unlike plasmonic resonances, Mie-type resonances tend to con-
fine the electric field enhancement inside the dielectric resonators,
limiting their effectiveness in applications requiring strong light inter-
action with the surrounding environment, as in sensing [15]. However,
the collective oscillations that manifest in periodic metasurfaces pro-
vide a means of engineering the resonant mode profile, enabling also
delocalized field profiles. That said, specially engineered dielectric
nanostructures have been recently employed for refractometric label-
free sensing. For instance, a Si nanodisk metasurface was used to detect
streptavidin down to 5 ng/mL when the surface was covered with biotin
molecules [16]. Later developments integrated these Si nanodisks with
microfluidics, optimizing them for near-IR wavelengths, and allowed
for the detection of substances like the prostate-specific antigen (PSA),
with a limit of detection (LOD) down to 0.69 ng/mL of PSA [17].
Recent research utilized large-area imaging configurations with high-𝑄
qBIC metasurfaces [18,19]. They demonstrated the use of a 2D array
of pixelated metasurfaces, with each metapixel tuned to a specific
resonant frequency. This allowed access to molecular signals across
an extended wavelength range with high sensitivity and negated the
need for costly spectroscopic equipment. Other experimental works
demonstrated bulk refractometry in qBIC metasurfaces with sensitivity
values of a few hundreds nm/RIU and 𝑄-factors in the same range of
values [20–23].

In the case of SERS less progress has been registered. For example,
Caldarola et al. demonstrated an application using a metasurface built
from a silicon dimer array on a silicon-on-insulator substrate [24]. This
metasurface was utilized for SERS to identify a thin layer of polymethyl-
methacrylate applied onto the metasurface. In another example, a
similar silicon dimer metasurface was fabricated on a sapphire substrate
to detect a self-assembled monolayer of 𝛽-carotene molecules [25].
By exploiting qBIC in a silicon nitride nanohole metasurface, Romano
et al. demonstrated an enhancement factor of the Raman signal above
1000 [26].

However, despite the promising prospects, realizing dielectric meta-
surfaces with stable, high 𝑄-factor resonances and field localization
outside or at the interface of the resonator volume presents still sig-
nificant challenges. Fabricated metasurfaces inevitably suffer from res-
2

onance broadening due to several factors, some of the most important
of which are fabrication tolerances, non-perfect illumination conditions
and the finite metasurface size, thus limiting the maximum measurable
𝑄-factor [27,28]. Therefore, it is important to combine the desired
resonant field properties with increased robustness of the resonators
in terms of statistical fabrication deviations from the nominal design.
In this context, some particular techniques towards robust qBIC res-
onances are the concepts of merging BIC with opposite topological
charges [29] or band engineering leading to folding-induced BIC in the
Brillouin zone [30].

In this work, we propose a metasurface whose constituent element
is a hollow GaP nanocuboid, in which the hole is diagonally dis-
placed from the cuboid center. By arranging the cuboids in periodic
quadrumer clusters on a silica substrate, one achieves both control
over the radiative 𝑄-factor of the resonant qBIC mode and polarization-
independent operation [31–33]. Although similar geometries have been
investigated in the literature as strongly resonant metasurfaces based
on toroidal [34–37] or magnetic dipole modes [38,39], here we investi-
gate a qBIC antisymmetric supermode characterized by a perpendicular
electric dipole moment. This particular field configuration provides
very high robustness of the qBIC mode to perturbations of the cuboid
geometry even when the hole is displaced at the cuboid corner and
occupies significant part of its volume. The metasurface is designed
so that it operates in the vicinity of 785 nm, which is a standard laser
wavelength employed in Raman spectroscopy.

The study initially explores the symmetry properties of the meta-
surface using group theory analysis. Subsequently, the investigation
focuses on the fundamental optical characteristics of the antiferro-
electric qBIC resonance, utilizing techniques such as finite-element
eigenfrequency and full-wave simulations. The dependence of the reso-
nant wavelengths and 𝑄-factors in response to symmetry perturbations
is evaluated, demonstrating the robustness of the qBIC mode and high
𝑄-values above 105 in the entire parametric space. In addition, the band
diagram of the mode is calculated, studying the modal birefringence in
the case of oblique incidence and revealing very low dispersion for the
TM polarization along the ΓX direction. Such almost flat dispersion is
of paramount importance in terms of maximizing the experimentally
achievable 𝑄-factors, as it mitigates resonance broadening effects. Fi-
nally, the sensitivity of the metasurface for refractometry is evaluated
as a function of the analyte index, demonstrating high values which,
combined with the high 𝑄-factors, are promising for sensors with very
high FoM and low LOD. Overall, the metasurface meets the require-
ments for applications based on strong light–matter interaction, such
as refractometric sensing and Raman spectroscopy, providing a simple
design with high robustness to fabrication tolerances.

2. Results

2.1. Geometry and materials

The layout of the investigated dielectric metasurface is depicted in
Fig. 1(a) and it is composed of an array of GaP hollow nanocuboids
periodically arranged on a glass (SiO2) substrate. The fabrication of
the proposed metasurface can be achieved by standard nanofabrication
protocols, namely: (i) growth of a thin GaP layer of thickness ℎ =
129 nm on the substrate, for instance, by RF sputtering [40], (ii) defi-
nition of the metasurface pattern through electron-beam lithography,
and (iii) fabrication of the periodic array of GaP elements through
inductive coupled plasma etching. Using this procedure, GaP meta-
surfaces with features of similar dimensions have been experimentally
demonstrated [41,42]. As shown in the unit cell definition of Fig. 1(b),
the GaP cuboids are characterized by a square cross-section of size
𝑤𝑐 = 127 nm. The distance between adjacent cuboids is 𝑑 = 𝑤𝑐 ,
such that the metasurface pitch is 𝑝 = 4𝑤𝑐 . In each cuboid there is
a square hole of size 𝑤ℎ, whose center is displaced with respect to
the cuboid center along the diagonal at a distance 𝑠, as in Fig. 1(b).

Furthermore, we define two dimensionless perturbation factors, which
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Fig. 1. (a) Three-dimensional schematic view of the investigated metasurface composed
of GaP hollow cuboids on a SiO2 substrate. The metasurface response is polarization-
insensitive for normally incident planewaves. The shaded surface in the bottom left
corner denotes the metasurface unit cell. (b) Definition of the geometrical parameters
of the unit cell. (c) Symmetry group and its elements of a single-cuboid unit cell with
a square hole in the cuboid center and diagonally shifted. (d) Symmetry group and its
elements of the metasurface four-cuboid unit cell. The cell maintains its 𝐶4𝑣 symmetry
when the hole centers are displaced along the diagonals.

describe the relative deviation of the hollow cuboid with respect to its
solid counterpart: 𝑞ℎ = 𝑤ℎ∕𝑤𝑐 and 𝑞𝑠 =

√

2𝑠∕(𝑤𝑐−𝑤ℎ). In the limit cases
of 𝑞ℎ = 1 and 𝑞𝑠 = 1 the cuboid vanishes or, respectively, removes one
corner of the cuboid.

The metasurface is designed such that the target BIC resonance
occurs in the vicinity of 𝜆0 = 785 nm, which is a standard wavelength
used in Raman spectroscopy, offering a good trade-off between high
intensity and low fluorescence compared to the Raman working wave-
lengths of 1064 and 532 nm, respectively. The refractive indices for GaP
and SiO2 at 𝜆0 are 𝑛GaP = 3.203 and 𝑛g = 1.454, and their frequency
dispersion was taken into account in the following study [43,44]. Both
materials were considered lossless in the analysis, as their extinction
coefficient is negligible in the spectral window around the target wave-
length. The dielectric properties of GaP, namely high refractive index
and negligible absorption losses, justify its selection for the design of
the investigated metasurface. The high index allows for subwavelength
resonators and metasurface unit cells, thus avoiding diffraction, and
high transparency, which is essential for achieving high 𝑄-values.
Although in a real system other loss mechanisms may be present,
e.g., scattering losses from fabrication imperfections, such effects are
not investigated in this work.

2.2. Symmetry analysis

As a first step in the investigation of the proposed metasurface, we
apply group theory to its symmetry analysis. The metasurface structure
possesses a certain symmetry in the xOy plane, while it does not
have any horizontal plane of symmetry 𝑧 = const. Therefore we shall
3

consider a 2D problem. In order to simplify our description by the
group-theoretical method, we consider two levels of the problem:

1. the first (lower) level: an array with one cuboid in the unit cell,
2. the second (higher) level: an array of quadrumers with four

cuboids in the unit cell.

2.2.1. Single cuboid unit cell
The symmetry of a cuboid placed in the center of a square unit

cell with pitch 𝑝′ = 𝑝∕2, as shown in Fig. 1(c), is described in the
xOy plane by the group 𝐶4𝑣 (in Schoenflies notations [45]). It is noted
that the group 𝐶4𝑣 contains also the rotations 𝐶2 and 𝐶4, which are not
shown in Fig. 1(c) as they are not relevant in the frame of the present
analysis. When a square hole is introduced in the cuboid and the 𝑧-axes
of the cuboid and the hole coincide, the symmetry 𝐶4𝑣 of the cuboid is
preserved. However, if the position of the hole is shifted along one of
the diagonals, the symmetry of the cuboid is reduced to the group 𝐶𝑠
with only one plane of symmetry 𝜎𝑥𝑦, as in Fig. 1(c).

Now we apply to the problem of excitation of the investigated mode,
which is an electric dipole mode with the moment 𝐩𝑧 oriented along
the axis 𝑧. It is convenient to discuss the excitation of the cuboid
in terms of the magnetic field. The field profile of the mode was
calculated by an eigenfrequency study using the finite-element method
(FEM) implemented in COMSOL Multiphysics™. The unit cell of the
metasurface was simulated by properly applying periodic boundary
conditions at the lateral walls and a perfectly matched layer combined
with scattering boundary conditions at the top and bottom of the
computational domain. Unless mentioned otherwise, eigenfrequency
simulations in this study were performed at the Γ point, which corre-
sponds to normally incident planewaves. It is also remarked that the
mild dielectric dispersion of the studied media (GaP and SiO2) was
taken into account, as the COMSOL eigenfrequency solver transforms
nonlinear eigenvalue problems to linear ones by performing a second-
order Taylor expansion of the material parameters around the target
wavelength. The maximum size of the mesh elements was ten times less
than the wavelength in the corresponding media and the minimum size
was selected five times smaller than the width of the nanoholes, which
are the smallest geometrical features of the metasurface.

The results, presented in Fig. 2, show that the in-plane electric
field is very weak, with some higher intensity only at the outer corner
edges of the cuboid, while the out-of-plane 𝐸𝑧 component is dominant,
indicating a dipole mode with moment 𝐩𝑧. This is further verified by
the structure of the magnetic field, which is visualized by the arrow
plot in Fig. 2. The magnetic field in the xOy plane is almost circular,
slightly deformed by the square geometry of the cuboid.

In the symmetry 𝐶4𝑣, the circular field 𝐇𝑥𝑦 is described by the
1D IRREP (irreducible representation) 𝐴2 (see, e.g., Table 2 in [46]).
However, the field 𝐇inc of the incident wave belongs to the 2D IRREP
𝐸. Therefore, the 𝐇𝑥𝑦 and 𝐇inc fields belong to different IRREPs and
in the symmetry 𝐶4𝑣, assuming a normally incident plane wave, the
investigated electric dipole mode is dark (pure BIC). If the symmetry
of the cuboid is reduced to 𝐶𝑠 by introducing a hole the excitation is
possible when 𝐇inc is not parallel to the diagonal of the hole dislocation,
which defines the symmetry plane 𝜎𝑥𝑦.

2.2.2. Cuboid cluster unit cell
Next, we consider a quadrumer, where the unit cell of the array

consists of four cuboids. The individual cuboids with reduced symmetry
𝐶𝑠 are arranged in a square cell with their planes of symmetry, oriented
along the diagonals of the cell square, as shown in Fig. 1(d). Thus,
in this structure the 𝐶4𝑣 symmetry of the quadrumer is preserved,
regardless of the displacement of the cuboid center. However, the
dimensions of the first Brillouin zone of the quadrumer are reduced
by half in comparison with those of the case with one cuboid in the
unit cell. Due to preservation of the symmetry 𝐶4𝑣, the array possesses
polarization independence of the excitation of the dipole mode in
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Fig. 2. Field structures for the investigated electric dipole mode in a metasurface with
a single cuboid unit cell (𝑞ℎ = 0.2): magnitude of the (a) in-plane and (b) out-of-plane
electric eigenfield vector. The arrow plot in both cases shows the distribution of the
in-plane magnetic field.

Fig. 3. Field structure of the 𝐸𝑧 eigenfield component and the in-plane magnetic field
(arrow plot) of the investigated supermode in a metasurface with cuboid cluster unit
cell, which can be excited by a linearly polarized magnetic field 𝐇inc: (a) 𝑦-polarized
excitation (𝑞ℎ = 0.2, 𝑞𝑠 = 0), (b) 𝑥-polarized excitation (𝑞ℎ = 0.2, 𝑞𝑠 = 0), (c) 𝑥𝑦-polarized
excitation (𝑞ℎ = 0.2, 𝑞𝑠 = 0), and (d) 𝑥𝑦-polarized excitation (𝑞ℎ = 0.5, 𝑞𝑠 = 1). In all
cases the antiferroelectric-like order of the electric field is observed. Blue (red) color
corresponds to negative (positive) values of 𝐸𝑧.

cuboids. Nevertheless, the structure of the field in the unit cell depends
on the polarization of the incident wave.

Now we apply to the description of fields in the unit cell with
four cuboids. The eigensolutions in case of the IRREP 𝐸 are fields
𝐇𝑥 and 𝐇𝑦. These fields correspond to the excitation by 𝐇inc

𝑥 or 𝐇inc
𝐲 ,

respectively. In both these cases the field 𝐇inc is oriented with 45o

with respect to the (diagonal) planes of symmetry of the cuboids, and
all of the four cuboids are excited equally. This is confirmed by the
4

eigenfields shown in Fig. 3(a) and (b), which show the 𝐸𝑧 profile for
the investigated electric dipole mode, corresponding to 𝐇inc

𝑦 and 𝐇inc
𝑥

excitation, respectively. All four cuboids are equally excited, however
the sign of 𝐸𝑧 shows an anti-symmetric configuration, indicating an
inversion of the dipole moment 𝐩𝑧 direction, in what can be termed as
antiferroelectric order. In general, mode hybridization in metasurfaces
of resonator clusters can lead to supermodes with peculiar field profile
characteristics, such as ferromagnetic or antiferromagnetic order [47,
48].

Any linear combination of the fields 𝐇𝑥 and 𝐇𝑦 is also an eigen-
solution of the system with the same eigenvalue and it can be excited
by the corresponding 𝐇inc. In a particular case when the incident field
𝐇inc is oriented along one of the unit cell diagonals, only two of the
four cuboids will be excited. This is demonstrated in the 𝐸𝑧 profile
shown Fig. 3(c), calculated for a 45o, or 𝐇inc

𝑥𝑦 , polarization. Notice, that
the symmetry analysis can be fulfilled also in terms of electric field
𝐄inc of incident wave, interchanging the corresponding subindices, for
example, instead of 𝐇inc

𝑥 one should use 𝐄inc
𝑦 .

The vertical electric dipole nature of the investigated supermode
provides increased robustness of the field profile under the perturbation
induced by the presence of the displaced holes. Since both the in-plane
electric field components are weak, the high-index contrast hole/GaP
interfaces do not give rise to strong electric field discontinuities. This is
contrary to similar structures with strong in-plane electric fields, such
as silicon slot waveguides, where the field component perpendicular
to the interface undergoes a discontinuity proportional to the ratio of
the permittivities of the two adjacent materials leading to strong field
confinement in the low-index material [49].

A demonstration of the mode robustness is provided in Fig. 3(d),
which shows the eigenfield of a perturbed quadrumer cuboid structure,
where the hole occupies 25% of the cuboid volume (𝑞ℎ = 0.5) and
is placed in the corner of the cuboid (𝑞𝑠 = 1). Although the cuboid
geometry is radically modified, the electric and magnetic eigenfields do
not deviate significantly from those calculated in Fig. 3(c). This implies
that the structure is indeed robust to geometrical perturbations. The
electromagnetic properties of the investigated qBIC supermode, namely
resonant wavelength and 𝑄-factor, are accordingly affected, as it will
be discussed next.

2.3. Properties of the qBIC antiferroelectric resonance

The investigated antisymmetric mode is a pure BIC when the holes
are situated at the cuboid centers (𝑞𝑠 = 0). In case they are displaced,
the BIC mode becomes qBIC with a finite radiative 𝑄-factor and it can
be excited as discussed in the previous Section. Fig. 4 investigates the
resonant wavelength 𝜆0 and the 𝑄-factor variation of the qBIC mode
for two scenarios: a fixed hole size of 𝑞ℎ = 0.2 and 0 ≤ 𝑞𝑠 ≤ 1 and a
fixed displacement 𝑞𝑠 = 1 and 0 ≤ 𝑞ℎ ≤ 0.5.

Fig. 4(a) shows that the dependence of 𝜆0 on 𝑞𝑠 is very low, with
an overall change in 𝜆0 lower than 2 nm. The introduction of a hole
with 𝑞ℎ = 0.2 induces a negligible variation in the electric field profile,
as already stressed in the discussion of Fig. 3. This is also reflected
in the results of Fig. 4(b), where, although the increase of 𝑞𝑠 does
reduce the 𝑄-factor, the values of the latter remain above 106 up to
𝑞𝑠 = 1. On the contrary, the increase of the hole size situated at the
cuboid corner (𝑞𝑠 = 1) produces a more radical change of the cuboid
geometry, thus leading to higher variations of 𝜆0 and 𝑄-factor with
respect to the first scenario. Still, the 𝑄-factor remains high also in this
case (𝑄 > 105). In both cases, the 𝑄(𝑞𝑠, 𝑞ℎ) curve follows the inverse
quadratic law in the low perturbation regime, which is typical of non-
diffracting qBIC metasurfaces [50]. The 𝑄-factors of Fig. 4(b) were
calculated by applying the formula 𝑄 = ℜ(�̃�)∕2ℑ(�̃�), where �̃� are the
complex eigenfrequencies derived from FEM simulations.

The transmittance spectra for three values of 𝑞𝑠 and 𝑞ℎ = 0.2
were calculated by means of full-wave FEM simulations and they are
presented in Fig. 4(c). The normally impinging planewave was excited
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Fig. 4. Variation of (a) the resonant wavelength and (b) the 𝑄-factor of the supermode
for two scenarios: 𝑞ℎ = 0.2, 0 ≤ 𝑞𝑠 ≤ 1 and 𝑞𝑠 = 1, 0 ≤ 𝑞ℎ ≤ 0.5. (c) Transmittance spectra
of the metasurface calculated for 𝑞ℎ = 0.2 and three values of 𝑞𝑠.

by defining a port boundary condition at a plane above the metasurface
and transmittance was recorded at a symmetrically placed port in
the substrate, with reference to Fig. 1(a). The resonances manifest
as strong dips resembling a notch filter and the Fano profile of the
resonant spectra is almost Lorentzian. The linewidths correspond to the
eigenfrequency results of Fig. 4(b), with a 𝑄-factor of approximately
108 for the 𝑞𝑠 = 0.1 case. It is reminded that these values refer to
the radiative 𝑄-factor; the maximum experimentally measurable value
is limited by non-radiative loss mechanisms, as it will be discussed.
The closest other resonant modes of the metasurface are spectrally
separated by several nanometers and, hence, do not interfere with the
investigated qBIC resonance.

2.4. Dispersion analysis

The resonant response of the qBIC supermode is polarization-
independent in the case of a normally incident planewave. In the case
of oblique incidence, the symmetry of the structure breaks and the two
linear polarizations are no longer degenerate. In addition, the resonant
wavelength changes, which is a major factor that induces resonance
5

Fig. 5. Band diagram of the investigated supermode along the ΓX and ΓM contour of
the irreducible Brillouin zone. For oblique incidence (off-Γ point) the band splits in
two branches corresponding to different polarization. The insets show the norm of the
electric field calculated at {𝑘𝑥 = 0.06, 𝑘𝑦 = 0} and {𝑘𝑥 = 0.06, 𝑘𝑦 = 0.06} in units of
(2𝜋∕𝑝).

broadening in experimentally studied qBIC metasurfaces due to the
𝜆0(𝑘) dispersion [27].

To evaluate such effects, the band diagram of the qBIC mode
corresponding to 𝑞ℎ = 0.2 and 𝑞𝑠 = 1 was calculated by eigenfrequency
analysis along the ΓX and ΓM contours of the irreducible Brillouin
zone of the quadrumer metasurface. The results are presented in Fig. 5,
where the insets show the norm of the electric eigenfield calculated at
{𝑘𝑥 = 0.06, 𝑘𝑦 = 0} and {𝑘𝑥 = 0.06, 𝑘𝑦 = 0.06} in units of (2𝜋∕𝑝) for
both orthogonal polarizations. It is observed that in the ΓM direction,
which corresponds to 𝑘𝑥 = 𝑘𝑦, namely a plane of incidence along the
diagonal of the unit cell, the two orthogonal supermodes have almost
the same resonant wavelength and significant dispersion.

On the contrary, in the ΓX direction, namely 𝑥O𝑧 plane of inci-
dence, the TE supermode shows strong dispersion, whereas the TM
supermode the opposite. This property indicates that experimentally
probing the investigated metasurface with a 𝑥-polarized beam would
facilitate the measurement of high 𝑄-factors, thanks to the low dis-
persion, which minimizes the resonance broadening stemming from
factors such as the angular content of the probing beam or the finite
metasurface size. In particular, the oblique 𝑘-vector components of a
non-perfectly collimated beam excite resonances in the vicinity of the
Γ-point. A similar effect, leading to 𝑘-vector spread, stems also from the
finite metasurface size due to discretization of the Bloch mode contin-
uum [11]. Low dispersion guarantees that the corresponding spread in
the resonant wavelengths excited by these 𝑘-vectors and, consequently,
the resonance broadening are minimized, thus maintaining high 𝑄-
factors [38]. Such strong resonances are key, for instance, to selective
filtering, enhancement of nonlinear processes or to improve the FoM of
refractometric sensors, as discussed below.

2.5. Refractometric sensing and SERS

Here, we investigate the performance of the proposed metasurface
as a bulk refractometric sensor, where we consider that the analyte
occupies the overlayer volume. The sensitivity 𝑆 is calculated by the
shift of 𝜆0 due to variations of the analyte index 𝑛𝑎, i.e. 𝑆 = 𝛥𝜆0∕𝛥𝑛𝑎,
as calculated by eigenfrequency analysis for various values of 𝑛𝑎 for a
metasurface with 𝑞ℎ = 0.2 and 𝑞𝑠 = 0. In the case of index-matching,
namely when 𝑛𝑎 = 𝑛𝑔 , the field distribution is symmetric, whereas
for 𝑛𝑎 < 𝑛𝑔 (𝑛𝑎 > 𝑛𝑔) the electric field leaks into the substrate
(overlayer). Hence, the sensor’s sensitivity increases with 𝑛𝑎, as verified
in the results of Fig. 6, as the refractive index contrast between the
overlayer and the metasurface drops and the resonant field extends
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Fig. 6. Sensitivity calculated for 𝑞ℎ = 0.2 and 𝑞𝑠 = 0 as a function of the analyte index
𝑛𝑎 covering the overlayer of the metasurface. The insets show the norm of the resonant
electric field for three values of 𝑛𝑎.

more into the overlayer region [51]. The sensitivity shows a quasi-
linear dependence 𝑆(𝑛𝑎), with a value ∼200 nm/RIU around 𝑛𝑎 =
1.35, which increases up to 500 nm/RIU for 𝑛𝑎 = 2. Such values
are comparable with the state-of-the-art in qBIC refractometric sensors
working close to 800 nm [19,52–54]. To facilitate or standardize the
refractometric measurements, the metasurface can be bonded with a
polydimethylsiloxane (PDMS) microfluidic chamber, which controls the
analyte flow through inlet/outlet channels [52].

High sensitivity values, combined with the high 𝑄-factors of the
metasurface allow for refractometric sensing with high FoM and LOD
[23,33]. The theoretically calculated FoM for the investigated sensor
tends to infinity, as it is proportional to the 𝑄-factor [33], whereas, in
practice, it will be bound by the finite 𝑄-factor due to non-radiative
losses. In this context, the demonstrated robustness and low dispersion
for the TM polarization can mitigate resonance broadening and increase
the experimentally achievable 𝑄-factor and FoM [27,28,38].

The improved sensitivity for higher values of 𝑛𝑎 stems from the
increased leakage of the resonant near field into the overlayer, as
evidenced in the insets of Fig. 6, where the norm of the resonant
field is plotted for 𝑛𝑎 = 1.2, 1.4, and 1.8. To quantify this effect, the
percentage of the total mode energy stored in the overlayer, namely
the analyte, was calculated for the abovementioned values of 𝑛𝑎, found
equal to 20%, 39%, 83%, respectively. The same effect can also be
exploited in SERS, as for 𝑛𝑎 > 𝑛𝑔 the maximum of the resonant electric
field is located just above the metasurface/analyte interface. As an
example, full-wave FEM simulations for a qBIC-resonant metasurface
with 𝑞ℎ = 𝑞𝑠 = 0.2 demonstrated a maximum field enhancement factor
equal to 2500, 5000, 8000, calculated at a 𝑧-plane 100 nm above the
metasurface for the three considered values of 𝑛𝑎. The range of suitable
analyte indices for sensing and/or SERS can be expanded toward lower
values by considering a substrate with lower refractive index compared
to silica, for instance MgF2 [55].

3. Conclusions

In conclusion, we have proposed and theoretically investigated
a qBIC-resonant all-dielectric metasurface based on GaP quadrumer
nanocuboid arrays on silica. The metasurface structure allows for
polarization-independent operation for a normally incident planewave.
The resonant qBIC supermode is characterized by an antiferroelectric
field configuration, which provides very high robustness in terms of
6

geometrical variations, thus increasing the metasurface tolerance to
fabrication errors. Moreover, the dispersion analysis showed very low
dispersion for the TM polarization, which further reduces the resonance
broadening in realistic conditions. The resonant field shows very strong
local confinement at a wavelength optimized for Raman spectroscopy.
This could enhance the signal of the Raman scattered light, thus im-
proving the detection of low-concentration analytes. The performance
of the metasurface for refractometric sensing was evaluated, revealing
sensitivity values in the order of a few 100s nm/RIU for typical analyte
indices. This, in combination with high achievable 𝑄-factors, makes it
promising as a sensor with a very high figure of merit. Particularly,
in biosensing applications, where small changes in the refractive index
can indicate the presence of specific biomolecules. The high robust-
ness of the qBIC supermode to geometrical variations increases the
metasurface tolerance to fabrication errors, making the manufacturing
process more feasible and cost-effective. The low dispersion for the
TM polarization reduces resonance broadening, which is particularly
beneficial in applications requiring a narrow resonance peak, such as
in optical filters or lasers. In light of these findings, our BIC metasurface
shows promising potential for real-world applications in areas such as
Raman spectroscopy, refractometric sensing, and more.
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