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Abstract

®

CrossMark

Bound states in the continuum (BICs) have drawn extensive attention in optics and photonics
due to their ultrahigh quality (Q) factors, which make them ideal for high-sensitivity sensing
applications. Existing approaches to realize BIC-supporting nanostructures in the optical regime
often rely on expensive and complex fabrication methods such as electron beam lithography.
Here, we propose a self-assembly-based method to fabricate photonic crystal (PhC) slabs
working in the optical regime. In the fabricated PhC slab, the symmetry-protected BIC was
directly observed. By integrating the PhC slab into a microfluidic chip, we characterized the
related quasi-BIC mode and demonstrated its sensing performance in various concentrations of

NaCl solutions, achieving a sensitivity of 110nm/RIU.

Keywords: bound state in the continuum, photonic crystal slabs,

self-assembly micro-spheres arrays, refractive index sensing

1. Introduction

Refractive index (RI) sensing plays a crucial role in a wide
range of applications, including medical diagnostics [1, 2],
environmental monitoring [3, 4], and chemical analysis [5,
6]. A commonly employed strategy for optical RI sensing
involves the use of nanophotonic structures to support optical
resonances, where slight shifts in the resonant modes can
indicate changes in the surrounding RI. Over the past years,
a variety of resonant nanophotonic platforms, particularly
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those based on plasmonic and dielectric resonances, have been
extensively investigated for this purpose [1, 7-16]. In these
platforms, resonances with a high quality factor (Q factor) are
particularly desirable, as they generally provide higher sensit-
ivity in RI sensing.

More recently, bound states in the continuum (BICs) sup-
ported in photonic crystal (PhC) slabs have attracted atten-
tion in optics and photonics due to their ultrahigh Q factors,
which make them ideal for high-sensitivity RI sensing [17—
19]. As non-radiative states with infinite Q factors, BICs are
not accessible in far-field measurements and thus unavailable
for direct sensing applications. Hence, radiative high-Q modes
related to BICs are actually required in practical RI sensing
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applications. On the one hand, by breaking the symmetry of
the PhC slabs, high-Q modes can evolve from the original
BICs. On the other hand, without breaking any symmetry, the
optical modes with high-Q naturally exist near the BICs. These
high-Q modes, referred to as quasi-BICs, have been extens-
ively explored for RI sensing using nanophotonic structures
[19-33].

For the fabrication of PhC slabs that support BICs in the
optical regime, electron beam lithography (EBL) processes are
typically required due to their ability to realize highly pre-
cise, customized nano-photonic structures. Yet, this method
still faces challenges, such as the need for costly and sophist-
icated equipment and their time-consuming nature. To address
these challenges, it is important to explore different fabrication
strategies. The microsphere self-assembly method is widely
regarded as a low-cost and convenient approach for fabricat-
ing periodic nanophotonic structures, such as PhC slabs [34—
36]. In addition to direct use, self-assembled patterns can also
serve as masks for subsequent etching processes, enabling
the fabrication of a broader variety of PhC slabs [35-37].
In recent years, PhC slabs fabricated via self-assembly have
been extensively applied in diverse areas and have also shown
potential for sensing applications [38—43]. However, to date,
the use of self-assembly-based PhC slabs to realize BICs for
RI sensing remains unexplored.

In this work, we demonstrate a self-assembly-based PhC
slab that supports BICs for RI sensing. The PhC slab consists
of a hexagonal lattice of silicon nitride cylinders on a silica
substrate, supporting symmetry-protected BICs at the I" point.
Near the BICs, quasi-BIC modes with high Q factors exist
and appear as resonance peaks in the reflection spectra. The
resonance peaks shift in response to changes in the surround-
ing RI, enabling RI sensing. This PhC slab was fabricated by
using a self-assembled polystyrene (PS) microsphere array as
a mask, followed by reactive ion etching (RIE) to form sil-
icon nitride cylinders. By integrating the fabricated PhC slab
into a microfluidic chip, both the BIC and quasi-BIC modes
were characterized in the angle-resolved reflection spectra.
Using NaCl solutions of varying concentrations, the shift in a
quasi-BIC mode was observed, showing a sensing sensitivity
of 110nm/RIU.

2. Design and simulation

Figure 1 shows the schematic of RI sensing using a PhC slab
made of SizNy cylinders on the SiO; substrate. The PhC slab is
surrounded by a liquid environment, where the RI is denoted
as n. To sense the RI of surrounding liquid, the PhC slab is
illuminated at an incident angle of #. When 6 is small, the
reflection spectra show peaks originating from resonances of
quasi-BIC modes. The positions of these peaks shift as the RI
of the surrounding liquid changes. By measuring the peak pos-
itions in the spectra, the corresponding RI can be determined,
thereby realizing RI sensing.

To start, we designed a PhC slab for RI sensing via BICs,
as shown in figure 2(a). It has a hexagonal lattice structure

Figure 1. Schematic view of refractive index (RI) sensing using a
photonic crystal (PhC) slab. The PhC slab is surrounded by a liquid
environment with RI denoted as » and is illuminated at an incident
angle 6. The reflection spectra show peaks originating from
resonances of quasi-BIC modes. The peak positions shift with the
surrounding RI, enabling RI sensing.

with period @ = 600 nm and the diameter of cylinders d =
450 nm. The height of the cylinders is 150 nm. Two high-
symmetry directions of the hexagonal lattice structure, I' — M
and I' — K, are marked on the lattice. The eigenmodes of this
PhC slab along the I' —M and I' — K directions were simu-
lated using the finite element method. In the simulation, the
surrounding Rl is set to n = 1.33 to simulate a water environ-
ment. Figure 2(b) shows the simulated band structure together
with the corresponding quality (Q) factors. The horizontal axis
represents the angle associated with the in-plane momentum of
the modes. A BIC mode exists at the I" point, as denoted by the
green dot, and a related quasi-BIC mode located at 3° along
the I' — K direction is denoted by the blue dot. Figure 2(c)
shows the simulated electric field amplitude distributions of
these two modes. They display similar near-field distributions.
Figure 2(d) shows the distributions of corresponding E, com-
ponents for both modes. We can see that the BIC mode is non-
radiative, while the quasi-BIC mode leaks into plane waves,
with a Q factor of 990. This makes the quasi-BIC mode access-
ible in far-field measurements.

To demonstrate the optical response of these modes, we
simulated the angle-resolved reflection spectra of the PhC
slab, using rigorous coupled-wave analysis. Typically, due
to the presence of direct reflection, the reflection spec-
tra exhibit Fano-shaped peaks [44], which can complicate
the analysis of resonance peak positions. To suppress such
non-resonant background signals, the cross-polarization set-
ting is employed, a method that has been applied in vari-
ous studies, including beam shift measurements and vortex
beam generation [45, 46]. In the cross-polarization setting,
direct reflection signals that preserve the incident polariza-
tion are suppressed, and the spectra primarily originate from
the response of resonant modes themselves, manifesting as
Lorentzian-shaped peaks [47]. In this simulation, the polar-
izations of incident and reflected light are set to |+45) =
\%2(|s> +|p)) and |—45) = \%2(|s> — |p)), respectively. Here,
|s) and |p) are linear polarizations perpendicular and par-
allel to the plane of incidence, defined with respect to the
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Figure 2. Sample design and simulations. (a) Schematic of the hexagonal lattice structure of the PhC slab. The PhC slab consists of Si3Ny
cylinders on a SiO; substrate, with period a and cylinder diameter d. I' — M and I' — K denote two high symmetry directions in the lattice.
(b) Simulated band structure (solid line) together with the corresponding quality (Q) factors (dashed line) of the eigenmodes of the PhC slab
with surrounding RI n = 1.33. The horizontal axis represents the angle associated with the in-plane momentum of the modes. Green dot:
BIC mode; Blue dot: quasi-BIC mode. (c) Simulated electric field amplitude distributions of the modes marked in (b). The black dashed
lines depict the boundaries of the Si3Ny cylinders. Upper panel: XY cross-section at half the height of the SizNy4 cylinders. Lower panel:
vertical cross-section along the red dashed lines marked in the upper panel. (d) Simulated distributions of E, components of the modes
marked in (b). The cross-section is taken along the same plane as in the lower panel of (c). (e) Simulated angle-resolved reflection spectra of
the PhC slab with surrounding RI n = 1.33 under the cross-polarization setting. The green arrow at 0° indicates a BIC, and the blue arrow at
3° indicates the quasi-BIC mode. (f) Reflection spectra of the quasi-BIC mode marked by the blue arrow in (e) for different surrounding

refractive indices, ranging from 1.33 to 1.37, in steps of 0.01.

incident light’s wave vector. Moreover, |s) and |p) are also
eigenpolarizations of the modes along the I' —M and I' — K
directions, which are protected by the mirror-symmetry. The
resulting reflection spectra are shown in figure 2(e). The reson-
ant modes manifest as peaks in the spectra, and a non-radiative
BIC remains dark, as marked by the green arrow. The quasi-
BIC mode at 3° along the I' — K direction is marked by the
blue arrow. To simulate the sensing performance of this mode,
we calculated the spectra at the fixed incident angle of 3°
under varying surrounding RI, ranging from 1.33 to 1.37 in
steps of 0.01. The results are shown in figure 2(f). A linear
shift of the peak positions is observed with changes in the
surrounding RI. The corresponding sensing sensitivity can be
calculated by S = AX/An, where An represents the change
in the surrounding RI, and A\ represents the corresponding
wavelength shift of the peak position. It shows a high sensit-
ivity of 127.8nm/RIU (RIU: refractive index unit).

3. Results and discussions

The designed PhC slab was fabricated based on the micro-
sphere self-assembly method. The fabrication process is
shown in figures 3(a)—(d). First, a monolayer of closely packed
PS microspheres is self-assembled onto a SizNy film depos-
ited on a SiO, substrate (figure 3(a)). Here, the diameter of
PS microspheres corresponds to the period a of the structure.
Next, oxygen RIE is applied to reduce the diameter of the PS
microspheres (figure 3(b)). These etched microspheres then
serve as a mask for patterning the SizNy4 film into cylinders
via RIE with CHF; and O, (figure 3(c)). The diameter of the
cylinders d is determined by the size of the microspheres in the
mask. Finally, the microsphere mask is removed by RIE with
O,, completing the fabrication of the PhC slab (figure 3(d)).
From the scanning electron micrographs, we can see that the
fabricated structure is consistent with our design.
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Figure 3. Sample fabrication and characterization. (a)—(d) Fabrication process of the PhC slab. Upper panels: schematic illustrations. Lower
panels: scanning electron micrographs. Scale bar: 500 nm. (e) Photograph of the microfluidic chip incorporating the fabricated PhC slab for
RI sensing. Scale bar: 1 cm. (f) Measured angle-resolved reflection spectra of the PhC slab in water. The polarization setup is the same as in
figure 2(e). (g) Reflection spectra extracted from (f) at incident angles # = 0°, 3° and 6° along I — K direction.

To enable measurements in a liquid environment, the fab-
ricated PhC slab was integrated into a microfluidic chip made
of polydimethylsiloxane, as shown in figure 3(e). We then
measured the angle-resolved reflection spectra of the PhC slab
using a homemade momentum-space imaging spectroscopy
based on the Fourier optics [17, 48], with the same polariza-
tion setup as in the simulation. The spectra measured in a water
environment are presented in figure 3(f). We can see the meas-
ured spectra agree well with the simulation in figure 2(e). The
spectra at 0°, 3° and 6° along I' — K direction were extracted
and are plotted in figure 3(g). At the I" point (0°), a BIC exists,
which corresponds to the absence of a resonance peak in the
spectrum. At small deviations from the I' point (3° and 6°),
resonance peaks appear in the spectra, corresponding to quasi-
BIC modes. The resonance peak at 3° is narrower, indicating
a higher Q factor of the mode compared to that at 6°, making
it a suitable candidate for RI sensing.

To demonstrate the sensing performance of the fabricated
PhC slab, we measured the reflection spectra at 3° under
NaCl solutions with different mass fractions of NaCl (w).
Figures 4(a)—(c) show the spectra measured at w = 0%, 2%,
and 4%, respectively. Each spectrum is obtained by averaging
five repeated intensity measurements. At each mass fraction,
the resonance peak exhibits the characteristics of a Lorentzian
line shape. To extract the resonance peak centers of the spectra,
a Lorentzian fit was performed, over the range from 815 nm
to 840 nm. The solid lines in figures 4(a)—(c) represent the fit-
ted curves. The fitted peak centers for each w are marked in the
figures, and a clear shift in the peak center is observed as w var-
ies, reflecting the corresponding RI changes in the solutions.

To demonstrate the stability of our measurements, we also
calculated the standard deviation from three repeated spectra
measured at w = 0%, and found it to be 0.076 nm, which is
much smaller than the observed peak shifts. In addition, the
full width at half maximum obtained from the Lorentzian fit
is about 8 nm, from which the corresponding quality factor
of the mode can be estimated as 103. Figure 4(d) summar-
izes the fitted peak centers with w ranging from 0% to 18%, in
steps of 2%. The error bars represent the standard deviations
from the Lorentzian fit, which are about 0.1 nm. The results
show a good linear relationship between the peak center and
the mass fraction of NaCl. The slope obtained from the linear
fit indicates the sensing sensitivity. Considering that a change
of Aw = 0.01 approximately corresponds to a RI change of
0.0017 RIU [49], it shows a sensitivity of S = 110nm/RIU.
This demonstrates a reliable RI sensing performance of the
PhC slab, as intended in the design.

Next, we compare our results with previously reported
works to place them in the context, as shown in table 1. The
RI sensor proposed in this work achieves a sensitivity com-
parable to those reported for other quasi-BIC-based sensors,
while employing self-assembly method rather than EBL for
fabrication. Despite some limitations in pattern flexibility and
fabrication precision, the self-assembly method still provides
reliable performance suitable for typical sensing applications.
Compared with EBL, a commonly used but expensive method
for precisely creating customized nano-photonic structures,
the self-assembly method offers advantages in terms of cost-
effectiveness and convenience, which could facilitate practical
sensing applications.
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Figure 4. RI sensing. (a)—(c) Reflection spectra of quasi-BIC modes in NaCl solutions with NaCl mass fractions w = 0%, 2%, and 4%,
respectively. Dots: measured intensities. Solid lines: Lorentzian fits. Dashed lines: peak centers of the fits. (d) Peak centers of quasi-BIC
modes at various NaCl concentrations. Dots: fitted peak centers. Error bars: standard deviations from Lorentzian fitting. Line: linear fit.

Table 1. Comparison of RI sensors via quasi-BICs

in recent works. EBL: electron beam lithography.

Fabrication Operating
Reference Structure method wavelength (nm)  Sensitivity (nm/RIU)
Photonics Research, SizNy4 photonic EBL 785 178
6(7):726-733, 2018. [20] crystal slab
Advanced Functional Si crescent EBL 660 326
Materials, 31(46):2104 652, metasurface
2021. [23]
Optics Express, 27(13): Si3N4 photonic EBL 540 103
18 776-18 786, 2019. [30] crystal slab
IEEE Photonics Journal, Si photonic EBL 1563 36
12(5):1-10, 2020. [31] crystal slab
ACS Nano, 18(8):6477-6486, Si3N4 hybrid EBL 760, 870 493, 312
2024. [32] metasurface
Nanophotonics, Si dual nanorod EBL 1530, 1620 408, 236
13(4):463-475, 2024. [33] metasurface
This work SizN4 photonic  Self-assembly 830 110

crystal slab

4. Conclusion

In conclusion, we propose a PhC slab based on a self-assembly
fabrication process for RI sensing via BICs. Employing the
microsphere self-assembly method, the PhC slab can be fabric-
ated cost-effectively and conveniently. The PhC slab enables
RI sensing through shifts in the resonance peaks of quasi-
BIC modes in the reflection spectra. We fabricated the PhC
slab and experimentally characterized both the BIC and quasi-
BIC modes. Under different concentrations of NaCl solu-
tions, a clear shift in the resonance peaks of quasi-BIC
modes is demonstrated, and it exhibits a sensing sensitivity
of 110nm/RIU. The proposed PhC slab, combining a prac-
tical and cost-effective fabrication method with high sensing
performance, highlights the potential of quasi-BIC modes for
advanced RI sensing and can broaden the applications of nan-
ophotonic sensors.
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