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Abstract: In this work, we investigate the evanescent field sensing mechanism provided by an
all-dielectric metasurface supporting bound states in the continuum (BICs). The metasurface is
based on a transparent photonic crystal with subwavelength thickness. The BIC electromagnetic
field is localized along the direction normal to the photonic crystal nanoscale-thin slab (PhCS)
because of a topology-induced confinement, exponentially decaying in the material to detect. On
the other hand, it is totally delocalized in the PhCS plane, which favors versatile and multiplexing
sensing schemes. Liquids with different refractive indices, ranging from 1.33 to 1.45, are
infiltrated in a microfluidic chamber bonded to the sensing dielectric metasurface. We observe
an experimental exponential sensitivity leading to differential values as large as 226 nm/RIU
with excellent FOM. This behavior is explained in terms of the physical superposition of the
field with the material under investigation and supported by a thorough numerical analysis. The
mechanism is then translated to the case of molecular adsorption where a suitable theoretical
engineering of the optical structure points out potential sensitivities as large as 4000 nm/RIU.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Dielectric nanostructures able to confine the electromagnetic field at the nanoscale are subject of
intense research, given the strong impulse that resonant photonic metasurfaces could provide to
push farther the frontiers of light-matter interaction [1–5]. Recently, great attention has been
focused on a novel family of nonradiating resonant states that can be supported in engineered all-
dielectric metasurfaces and termed bound states in the continuum (BICs) [6–14]. BIC existence
is an intriguing phenomenon firstly proved in quantum mechanics and then extensively studied in
electronic and photonic structures [15–19]. These special modes possess an ideal infinite Q-factor
characterized by vanishing resonance linewidth since can be completely decoupled from the con-
tinuum of propagating free-space radiation [20–22]. Surprisingly, experimental deviation from
an ideal behavior due to unavoidable radiation loss channels (like scattering from imperfections
and material absoprtion) permits a partial coupling to external radiation and actually makes BIC
resonators among the most effective light-matter interaction platforms [23–26]. There are mainly
two mechanisms of ideal decoupling from the continuum. The first stems from the suppression of
radiation due to the symmetry of the BIC field arising in highly symmetric points of the reciprocal
space and gives rise to so-called symmetry-protected BICs. The second one is based on the
accidental decoupling due to the suitable tuning of a peculiar system parameter, which results in
accidental nonradiating condition. In general, the nonradiating condition at the BIC is a topology
induced property of the photonic phase due to the vortex-structured polarization revealed in
the reciprocal space [15, 27]. At highly symmetric points, both symmetry-protection-based
decoupling from continuum and accidental mechanisms might coexist in the same structure [23].
The latter have been proved to be highly robust against input beam collimation and nanostructure
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extension in lasing applications [23] and surface-enhanced fluorescence microscopy [24]. Very
recent advances of BIC phenomeon include electromagnetic multipole theory interpretation [28]
and momentum space merging of multiple bound states [29]. Recently, in-plane symmetry
breaking for engineering and tuning of quasi-BIC modes with designer architectures of photonic
crystal slabs [30] and metasurfaces [31,32] have also been proposed and applied for hyperspectral
biomolecular detection.

In our recent works [33,34], we studied the sensing capability of an all-dielectric and transparent
photonic crystal nanoscale-thin slab (PhCS) supporting bound states in continuum. Since the light
confined in the photonic nanostructure at the BIC has a significant fraction of power in the evanes-
cent tail, the peak wavelength of the resonance is strongly affected by the refractive index (RI) of
the external medium or by molecular adsorption in case of surface binding events. This trivially
occurs because the effective index ne of the mode, generally affected by the material cladding, is
in this case a rapid function of the superstrate optical constant given the sub-wavelength thickness
of the confining PhCS. This allowed us to realize a BIC-based sensor with high sensitivity to
environment media variation. In addition, the linewidth of a resonance-based device affects its
figure of merit (FOM), defined as the ratio between the sensitivity and the full width at half
maximum (FWHM), which ultimately represents the capability to follow tiny changes in the
environment RI, thus providing sensors with low values of limits of detection. Thanks to the high
Q-factor associated to BIC resonant modes, our device’s FOM reached values as large as 450 and
was applied also for ultrasensitive bio-molecular detection, revealing the capability of detecting
antigen/antibody bindings with superficial density as low as 0.2 molecules/µm2 [33, 34]. The
sensor architecture was easily implemented in the biological experimental environment since the
BIC mode is localized along the direction normal to the PhCS with a field exponentially decaying
in the material to detect, but totally delocalized in the PhCS plane, which favors versatile and
multiplexing sensing schemes.
Herein, we further investigate the physics underlying the sensing mechanism reporting a

theoretical and experimental study of the exponential-growth sensitivity curve in our BIC-based
device. The exponential sensitivity behavior is explained in terms of the physical superposition
of the field with the material under investigation and supported by a thorough numerical analysis.
In particular, we explore the impact of the system symmetrization (substrate/PhCS/analyte) on
the performance of the sensing mechanism. We theoretically find an exponential sensitivity
curve leading to differential values of ∼ 660 nm/RIU in relevant biological dielectric ranges.
We also investigate the tuning mechanism of the exponential sensitivity by considering the rate
of symmetrization of the evanescent tails of the electromagnetic field, achieving a potential
sensitivity as large as ∼ 4000 nm/RIU for values of cladding materials mimicking molecular
binding of proteins or aminoacids. Finally, we validate the exponential-growth model of the
resonance peak experimentally in certain ranges of RI.

2. Numerical modeling

We considered a dielectric geometry consisting of a square lattice of cylindrical air holes etched
in a thin film of silicon nitride (Si3N4). This material is transparent in both visible and infrared
ranges of light and has a real part refractive index of 2.15 at 532 nm [24]. A scheme of the
resonator is shown in Fig. 1(a), where the PhCS unit cell is shown with bottom region made of
quartz (SiO2) of RI ns, the coverslip experimentally supporting the silicon nitride layer of RI
np, and the top material, initially air, then replaced with different cladding materials of RI nc .
The thickness of the unit cell slab is h, the lattice constant a, the hole radius r. The operating
principle of the sensing scheme is the spectral shift of the peak wavelength λp of the quasi-BIC
resonance as a function of the cladding nc , as depicted in Fig. 1(b).

Numerical modeling was carried out using a rigorous coupled wave approach (RCWA) [35]
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Fig. 1. (a) Layout of the PhCS unit cell. (b) Operating principle of the sensing scheme:
the high Q resonance shifts as function of the cladding material due to density change
of the homogeneous liquid cladding or molecular adsorption to the surface where the
electromagnetic field is localized and amplified, thus increasing interaction of the molecules
with light.

and finite element method (Comsol Multiphysics 5.2a) [36,37]. The Γ(2) wavevectors, parallel to
the (x, y)-plane of the PhCS, have all modulus β0 = 2π/a, i.e. larger than the wavevector modulus
both in SiO2, given that 2π/a > 2πn/λ = kSiO2 , and air, given that 2π/a > 2π/λ = kair . Thus,
at normal incidence the mode wavevector has a purely imaginary z-component in both regions
of index ns (1) and nc (2), k1,2

z =
√

k2
air,SiO2

− β2
0 � iκ1,2 and cannot couple to the far field.

It is indeed exponentially decaying in both air and quartz, with a larger decay length in the
glass since κ1 < κ2. The exponential evanescent decay is the condition that actually defines the
transition from a confined mode totally decoupled from free-space radiation and leaky mode,
having a non-null oscillatory behavior in the free space around the PhCS because of coupling to
out-radiating modes. In Fig. 2(a), three types of TM-like BIC modes are displayed (numerically
calculated for the parameters given in the inset), classified as irreducible representations of
the symmetry group C4ν of Γ point [38]. While the first two are both singly-degenerate,
symmetry-protected BICs, the third has a doubly-degenerate irreducible representation of type E,
which is compatible with free-space radiation that has same representation at Γ. In this case,
decoupling from the continuum is due to the superposition of the two eigen-functions of the E
representation that destructively interfere outside the slab. Figures 2(b) and 2(c) show the top
and side view, respectively, of the field intensity in the unit cell, which demonstrates the local
confinement with non-radiative character. All BIC modes have theoretically diverging Q-factors,
regardless of their intrinsic symmetry properties.
In a real, finite structure, The BIC field can be seen as a TM mode propagating in the dielectric
film along the symmetry directions imposed by the PhCS. As in planar waveguides, the imaginary
wavevector component κ2 is related to the propagation constant β. Changing the material cladding
index nc , via superficial molecular adsorption or a different RI liquid, affects both evanescent
decay length and BIC peak wavelength λp due to the variation of the effective index ne = β/k0.
Provided the BIC existence for a wide range of nc values until confinement is hampered when nc
exceeds certain values (due to substrate leakage [39]) or is too close to np , once fixed np and ns ,
it is possible to follow what happens to the BIC field as a function of nc . As the optical contrast
provided by the index mismatch np − nc between the PhCS and cladding reduces by increasing
nc , the BIC field profile across the normal to the surface becomes progressively more symmetric,
as shown in Fig. 3(a) for the A1 BIC mode, and with larger decay length δ as nc approaches ns .
The growth of the decay length is actually an exponential function of nc , as shown in Fig. 3(b).
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Fig. 2. (a) Representative TM-like mode profiles at Γ (C4ν point group) in the unit
cell, numerically calculated for the PhCS/liquid interface under consideration: two singly-
degenerate symmetry-protected BICs of type A1 and B1, respectively, and a doubly-
degenerate resonance-trapped BIC, classified as E-mode. (b) Top view of the electric field
intensity in the unit cell. (c) Side view of the electric field intensity revealing the confinement
and the evanescent character outside the structured film of index np .

A very similar behavior occurs for the other modes, since it stems from the evanescent tail decay
depending on the optical contrast.

As a consequence, the fraction of optical energy in the cladding material progressively increases
affecting the effective index of the BIC mode. The rate of variation of ne (so does λp) depends on
the same optical contrast with the cladding and is then proportional to the same ne, which results
in an exponentially increasing red shift of λp . Numerical simulations are depicted in Fig. 4.
In addition, we can expect that the rate of symmetrization of the evanescent tails (cladding vs
substrate) of the electromagnetic field is affected by the phase mismatch between the substrate
index ns and PhCS material np . Therefore, a possible tuning parameter that can be adopted for
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Fig. 3. (a) Symmetry increasing along z-axis of the A1 type BIC field with progressively
balanced evanescent tails in quartz substrate and liquid cladding (please note reversed color
scale in |E |2 for visualization clarity). The E-field arrow map reveals a TM-like character
with exponentially decreasing amplitude along z (colormap associated to the sign of Ez).
(b) Exponential growth of the decay length δ of the evanescent tail in the liquid cladding
when the cladding index nc approaches the quartz substrate ns = 1.45. The model fit (solid
line) is given in Eq. (1).

modulating the exponential sensitivity of the optical sensor relies on ∆ = np − ns . The lower ∆,
the higher will be the rate of symmetrization, i.e. the rapidity to achieve a symmetric z cross
section in the evanescent regions, and hence also the steepness of the exponential variation of the
effective index ne as a function of the cladding material nc . This behavior is indeed shown in
Fig. 4 for different values of ∆ corresponding to progressively lower index mismatch between
the PhCS material and substrate. Three examples are shown of the typical regimes that can be
individuated depending on the parameters. We used the empirical equation model in Eq. (1) to
fit the dependence of the peak wavelength λp with the parameters,

λp = λ0 + δλ exp
[
α

(
nc − n0
np − ns

)]
, (1)

which resulted in good agreement with the values obtained from FEM numerical simulations for
parameters α ' 2, n0 ' 1, λ0 ' 524 nm, δλ ' 0.085 nm. The same exponential growth model
was used to fit the data in Fig. 3(b) and all the experimental results described in the following
section. The behavior varies from an almost linear sensitivity curve to a steep exponential. In the
last case, it is possible to achieve sensitivity as large as ∼ 400 nm/RIU in a biologically relevant
range of values for nc ranging between 1.52 and 1.55, as for macro-molecular binding. For
increasing cladding refractive index up to 1.6, the theoretical sensitivity becomes 660 nm/ RIU
(human serum albumin has a RI of 1.603, DNA of 1.583 [40]). Changing the design parameters
can be useful to match a specific range of refractive index to maximize the response of the
system. As for instance, the case ∆ = 0.15 has a faster variation of λp in a smaller range of nc .
In particular, in this case, when nc reaches values of the order of 1.7 (as for instance, tubulin has
a RI of 1.64, serine and glutamine 1.67, histidine 1.70, tryptophan 1.75 [40]), then the sensitivity
increases of an order of magnitude and can be as large as ∼ 4000 nm/RIU.

For what concerns the possible thickness of the layer of high RI that can affect the sensitivity
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Fig. 4. (a) Exponential growth of λp as a function of the liquid cladding index nc (B1-mode)
for fixed ns = 1.45, and np = ns + ∆. Varying suitably the index mismatch ∆ = np − ns for
feasible material parameters that allow BIC existence, it is possible to tune the sensitivity of
the curve λp(nc) in specific ranges of RI for targeted applications, changing its character from
a near linear behavior to a steep exponential curve. The points are numerically calculated
results from FEM simulations, whereas the solid line is the model fit in Eq. (1).

of the system, it is worth to mention that the behavior of the resonance shift as a function of the
layer thickness is profoundly different from that of an isolated dielectric nanoparticle in which
the size effect rules the energy shift [41]. In case of the BIC, the mode behavior is collective
and the coupling among unit cells determines the existence of the mode itself. In a recent paper,
we experimentally and theoretically addressed the role of a thin molecular layer covering the
PhC surface [33]. We also measured a good resonance shift even in case of bindings events with
surface density of the order of 0.3 molecules/µm2 [34]. The point is that the optical field is very
large only close to the surface where the superposition with the material is maximum, therefore
a thick layer of material does not appear to be necessary to induce a measurable energy shift,
which is also consistent with the finding recently reported in [31], where a significant resonance
energy shift was claimed for an adsorption density of only two molecules per unit cell. Therefore,
sensitivity values of the order of ∼ 4000 nm/RIU are strictly indicative of the bulk refractometric
sensing performance but nonetheless can be seen as indicative of the potential sensitivity towards
surface binding events.
The limitation of the approach here discussed is of course ruled by the existence of a BIC

mode for the design parameters ns, np, nc . In this regard, the BIC point at Γ is a topological
property of the photonic phases realized by this kind of dielectric geometry [22, 27], and as such
it is robust against parameter tuning. Indeed the case ∆ = 0.15 is achieved with np = 1.6 and
ns = 1.45, a remarkably low dielectric contrast, which points out the possibility of using soft
materials instead of silicon nitride for the PhCS layer, thus unveiling a brand new scenario of
potential technological applications.
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Fig. 5. (a) Scanning electron imaging micrographs of a characteristic sample. (b) Schematic
layout of the PhCS integrated in the microfluidic chamber and basic characterization
setup (input light is polarized with a Glan-Thompson polarizer); reflectance is obtained as
1 − T(θ, λ). (c) Dispersion diagram along ΓX of the PhCS for nc = 1. The three bands have
theoretically vanishing linewidths approching θ = 0◦. Numerical simulations classify the
top band mode as B1 and the converging bands as E-type.

3. Experimental results

PhCMs of Si3N4 with an area of 1 mm2 were fabricated by means of electron beam lithography
and coupled plasma etching process. The holes square lattice parameters (lattice constant a, hole
radius r, hole depth h, quartz substrate n=1.45) were optimized to realize platforms resonant
at different wavelengths. Figure 5(a) shows a SEM image of a typical sample. In Fig. 5(b), a
schematic layout of the characterization setup is shown. A representative dispersion diagram
measured acquiring the reflectance R(λ, θ) as a function of the input angle θ for nc = 1 (blank
sensor with top cladding material of air) is shown in Fig. 5(c), in this case θ varies in the direction
ΓX . The actual height h was measured by atomic force microscopy and resulted typically 10%
lower than designed value, which resulted in an experimental BIC mode of type E emerging at ∼
517 nm and type B1 at 522.5 nm for nc=1, a =367 nm, h = 55 nm, r = 90 nm.

The PhCS was then implemented with a polydimethylsiloxane (PDMS) microfluidic chamber to
control the liquid infiltrated over the sensing surface (fabrication details are reported in [33]). The
device was illuminated with a collimated supercontinuum laser source (SuperK NKT Photonics,
range 480-2400 nm) in order to monitor the resonant peak shift as a function nc infiltrating liquid
of various RI. The measurements were performed in two different RI ranges, from 1.333 to 1.377
by using water/isopropyl alcohol solutions, and from 1.400 to 1.452 by using Cargille certified RI
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Fig. 6. (a) Representative resonance spectra in refractometric sensing for several cladding
liquids. (b) FWHM of the resonant peak as a function of the spectral peak position. (c)
Comparison of the exponential sensitivity curves of the resonant peak as a function of the
cladding refractive index nc for np = 2.215 (top panel) and np = 1.90 (bottom panel).

liquids. Each transmittance/reflectance spectrum was conveniently collected at normal incidence,
although previous characterizations revealed angle-independent sensitivities [33]. The fluids were
infiltrated with a syringe infusion pump (KD Scientific). The case reported in Figs. 6(a)-(c) refers
to the BIC resonator in the visible range. Several representative resonance spectra are shown in
Fig. 6(a). As shown in Fig. 6(b), experimentally, the FWHM of the resonant peak resulted nearly
constant throughout all measurements for increasing RI, demonstrating the robustness of this
refractometric sensing approach. Figure 6(c) (top panel) shows the peak wavelength evolution
with nc .

As mentioned above, the large spatial overlap between the nonradiating evanescent field and
the surrounding fluid cladding due to the tight subwavelength confinement gives rise to a rapid
function of the surrounding medium RI (Fig. 3). The penetration length of the field grows by
increasing nc , reaching a maximum value when the RI over the surface matches the substrate RI.
The related exponential growth was experimentally confirmed as reported in Fig. 6(c) (top panel),
where the resonant peak λp is plotted as a function of nc . The solid line represents the empirical
model fit in Eq. (1), in good agreement with the experimental points. The local sensitivity
∂λp/∂nc |nc=1.42 achieved with this PhCS for the RI variation explored was approximately ∼ 103
nm / RIU. Ellipsometric characterization (Horiba Jobin Yvon, UV-IR range) of the silicon nitride
film gave np = 2.215, i.e. for ∆ = 0.765.
Given a nearly constant FWHM ' 0.8 nm [Fig. 6(b)], the FOM, defined as the ratio between

sensitivity and FWHM of the resonant peak, was in the range of 129. It must be noted that the
confinement associated to the BIC can actually decrease with increasing radiation leaking in
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free-space for reduced values of the optical contrast among the PhCS and the liquid cladding.
The initial resonance FWHM in air was indeed lower, approximately of 0.4 nm, denoting a
higher Q−factor, and hence corresponded to a larger FOM of 258. However, the linewidth
broadening is not detrimental to sensing application provided that the linewidth does not increase
excessively, as reported in Fig. 6(b). The actual FOM reached in liquid defines more realistically
the potential of the sensing device whose Q-factor is unavoidably reduced when in contact with
highly concentrated solutions of analytes or high-index media.
A second set of measurements for reduced phase mismatch ∆ = 0.45 was carried out with

a lower np = 1.9, keeping constant the substrate index, and is reported in the bottom panel of
Fig. 6(c). In this case, the PhCS was designed for IR applications, and the measured value of
∂λp/∂nc |nc=1.38 ∼ 226 nm / RIU, i.e. the sensitivity increased of a factor ∼ 2.2 by tuning one
of the material parameter affecting ∆. This result demonstrates experimentally the possibility
to increase the sensitivity of the BIC-based sensor, at least in certain range of RI with the
aim of targeting specific bio-molecular applications. This was achieved by varying a simple
material property and can be a general approach providing that the material parameters allow the
existence and evolution of the BIC mode in the range of RI under analysis. Further research is
still necessary however to access the steep exponential sensitivity theoretically predicted in Fig.
4. The experimental challenge is in this case determined by the film quality and homogeneity of
a lower refractive index material, as for instance made of polymer.
As discussed in a previous paper [33], the IR resonator showed resonances with reduced

FWHM varying from 0.4 nm in air to 0.6 nm at the higher RI of the cladding. We ascribed to
the improved fabrication tolerance of the larger structure (see [33]), and inferior IR material
absorption, the improved Q-factor. In this second case, the FOM started from a remarkable value
of ∼ 565 in air where the FWHM was 0.4 nm and reduced to 377 at the higher RI.

Given the constant FWHM, also the FOM behaves as an exponential-growth function of type
given in Eq. (1) with nc , which points out an excellent capability of following tiny changes of RI
or material environment variation/fluctuation. From a technical point of view, the refractometric
limit of detection (LOD) depends on the spectral resolution of the spectrometer, detector noise,
acquisition scheme and data analysis approach [42]. Admitting a basic resolution of 0.01 nm,
the LOD in our case is conservatively of the order of 4 ×10−5 RIU. Using advanced analysis
data and suppressed noise detection [42], the spectral resolution can be of the order of 10−4

nm, which in our case then would correspond to a refractometric LOD of 4 × 10−7. A fair
comparison with typical refractometric resonators requires to consider the visible window in
which our device operates, which may indeed facilitate sensing schemes in many applications,
avoiding as for instance water absorption (large in IR) for water-based refractometric solutions.
The LOD value must be then compared with the results that can be achieved with PhCS and/or
nanocavities in the visible spectral window. In that case, the optical absorption of the materials
typically employed, like crystalline silicon, actually hampers highly sensitive detection (10−2

RIU) because of very poor Q-factors [43]. On the other hand, in the IR range where silicon
and plasmonic resonators are efficient, the bottleneck, as above mentioned, is water absorption.
Nonetheless, high sensitivity of the order of ∼ 1000 nm/RIU or more can be reached with
SPP sensors. However, an interesting advantage provided by our device is the possibility of
microscopy-based interrogation and transparency of the samples [33, 34].

4. Conclusion

Summarizing, we investigated the sensing mechanism provided by an optical sensor based on
bound states in the continuum. The deep subwavelength metasurface is characterized by a BIC
electromagnetic field localized along the normal direction and exponentially decaying in the
material to detect. The mode is instead totally delocalized in the transverse plane over the
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millimeter scale, which favors versatile and multiplexing sensing schemes. We explored the
potential tuning of the sensitivity by addressing the physical transduction mechanism provided by
the evanescent field. The physical superposition of the field with the material under investigation
allows a good sensing performance as supported by a thorough numerical analysis. In particular,
the tuning of the rate of symmetrization of the evanescent field as a function of the cladding
optical constant (liquid material or adsorbed material under analysis) resulted promising to
achieve potential sensitivities as large as 4000 nm/RIU. Experimentally, we verified the tuning
possibility and observed an exponential sensitivity leading to differential values as large as 226
nm/RIU with excellent FOM. Based on our theoretical results, we foresee the possibility to
enhance the sensing mechanism by changing the BIC-sensor material parameters towards lower
dielectric contrast.
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