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Nanophotonics based on localized surface plasmon reso-
nance (LSPR) has emerged as a vibrant arena for research
into enhanced light-matter interactions with potential appli-
cations in imaging, sensing, and computing. However, the
low quality (Q) factor of LSPR is a significant barrier to
comprehensive device applications. Here, we demonstrate
that coupling the LSPR of a gold nanowire array with the
optical bound states in the continuum (BIC) of a dielectric
double-layer grating can significantly increase the Q factor
of LSPR. We realize two hybrid modes with Q factors of
up to 111 at 558 nm and 83 at 582 nm, which are about
14 and 10 times larger than those of an uncoupled gold
nanowire array. Based on temporal coupled-mode theory,
we further show that the resonance frequencies and Q fac-
tors of the hybrid modes can be modulated and optimized by
varying relevant structural parameters. This coupled system
provides a new platform for improving the figures of merit
(FoMs) of LSPR-based refractive index sensors, and the con-
cept of LSPR-BIC coupling can be extended to other similar
nanosystems. © 2022 Optica Publishing Group

https://doi.org/10.1364/0L.445453

Noble metal nanostructures can confine light into nanoscale
spatial regions via the excitation of localized surface plasmon
resonances (LSPRs), which enables a new realm of possibil-
ities for many important applications in nanophotonics, such
as surface-enhanced Raman scattering, sunlight harvesting, and
biochemical sensing [1,2]. Nevertheless, due to the intrinsic
absorption of metals and the large radiative scattering of metal
nanostructures, the Q factor (defined as the energy dissipation
per unit circle versus the energy stored in a resonator) of LSPR
is usually much smaller than that of dielectric resonators [3—6].
Improving the Q factors of LSPRs is essential for the develop-
ment of LSPR-based nanophotonic devices. Recently, several
new design principles, including transformation optics [7-9],
subgroup decomposition [10,11], and plasmon hybridization
[12—17], have been proposed to suppress the radiative damping
of LSPRs and thus increase their Q factors. In particular, cou-
pling an individual metal nanostructure with a high-Q photonic
microcavity to create a plasmonic-photonic hybrid system is an
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effective way to realize hybrid higher-Q resonances. For exam-
ple, we have demonstrated a hybrid plasmonic-photonic system
consisting of a metal nanoparticle in a dielectric Fabry—Perot
(FP) microcavity, which shows a significantly reduced LSPR
linewidth and consequently improved sensing performance [18].
However, the lossy Fabry—Perot cavity with a limited Q fac-
tor investigated in the earlier study requires optimization, and
other frequently used high-Q modes built upon photonic crys-
tal cavities and whispering-gallery microcavities are difficult to
integrate due to their large dimensions (several tens of microm-
eters) [19-21]. Therefore, improving the Q factors of LSPRs or
hybrid modes formed by LSPRs and other modes calls for new
design concepts and approaches.

Recently, the optical bound states in the continuum (BICs) in
dielectric micro- and nanostructures have attracted widespread
attention in many research fields because their Q factors are the-
oretically predicted to be infinite. BICs are waves that remain
localized even when they coexist within a continuous spectrum
of radiation waves whose energy can leak away. Though defy-
ing conventional wisdom, BICs have been observed as general
wave phenomena in different systems. In 1929, von Neumann
and Wigner first proposed the possibility that localized eigen-
states from the single-particle Schrodinger equation could be
embedded in the continuum of leaky radiating modes [22].
Since then, many explanations for the formation mechanisms
of BICs have been proposed, typically including destructive
interference of resonances and mode symmetry incompatibil-
ity [23-28]. Recently, there have been numerous realizations
of BICs in photonics, leading to a wide range of applications,
such as lasers [29-31], sensors [32,33], filters [34,35], and
low-loss fibers [36,37]. These studies provide possible means
to realize narrower line widths and higher sensitivities of the
abovementioned hybrid plasmonic-photonic devices.

Inspired by the recent theoretical prediction of BICs in a
double-layer dielectric grating [38] and our earlier demonstra-
tion of the use of LSPR-FP coupling to effectively narrow the
spectral linewidth of LSPR [18], we naturally wish to explore
the possibility of combining dielectric BICs and metallic LSPRs
to improve the Q factor of the latter. In this work, we propose a
hybrid system comprising a metal nanowire array and a dielectric
double-layer grating, where the broadband LSPR of the former
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Fig. 1. (a) Schematic diagram of the coupled system (S3) con-
sisting of a gold nanowire array (S1) and a dielectric double-layer
grating (S2), where the gold nanowire array is placed at the sur-
face of one grating layer such that their axes are in parallel along
the y direction. (b) Simulated reflection spectrum of S1, showing an
FWHM of 74 nm at a resonance wavelength 590 nm, corresponding
to a quality factor of approximately 8. Inset shows the normalized
magnetic field distribution profile at 590 nm.

can be effectively coupled with the BICs in the latter. Through
theoretical analysis and parameter adjustment, the LSPR—-BICs
intermodal coupling can be analytically modeled and flexibly
manipulated. We show that the LSPR Q factors for the gold
nanowire array can be increased to 111 at a resonance wave-
length of 558 nm and to 83 at 582 nm, which are about 14 and
10 times larger than those of the gold nanowire array in vacuum.
In particular, by adjusting the distance between the two dielec-
tric gratings in the coupled system, we can achieve effective
modulation of the coupling strength and optimize the Q fac-
tors of the hybrid modes. Importantly, we demonstrate that the
reported hybrid system can significantly improve the figure of
merit (FoM) of a LSPR-based refractive index sensor (to about
100 at 558 nm and 67 at 582 nm).

As sketched in Fig. 1(a), the proposed hybrid system (S3) is
composed of a one-dimensional (1D) gold nanowire array (S1)
on a 1D double-layer dielectric grating (S2). The whole system
is periodic in the x direction (the periodic constant is A) and
infinite in the y direction. Each gold nanowire in S1 is 100 nm
wide and 20 nm thick, and is seamlessly attached to one side
of the bilayer grating in S3. Each dielectric slab in S2 is 0.8A
wide and 0.2A thick, with the refractive index n = 2. In the z
direction, the parameter d describes the distance between the
two dielectric slabs. The hybrid system S3 can be analyzed by
temporal coupled-mode theory (TCMT) [27], which is given by
the 2 x 2 Hamiltonian matrix

Ho| @ « . Vi N TR 2 ad
= -1 i s (1)
K W VY1726 Y2

where w, (w,) and y, (y,) are the eigenfrequency and radiation
rate of a single-layer grating without (with) a gold nanowire
array, respectively. The parameter « is the near-field coupling
strength between the two grating layers, and ¢ = k.d is the
phase shift of propagation between the two grating layers, where
k. is the propagation wavenumber along the z direction, which
depends on the frequency and the angle of incidence 6. The
eigenstates of the coupled system can be obtained by diag-
onalizing the above matrix. The two eigenfrequencies of H
are
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For the dielectric double-layer grating system (S2), when the
two layers have no inter-layer coupling (i.e., d is very large),
they share the same eigenfrequency wy = w; = w, and the same
radiation rate y, = y, = y,. When the inter-layer coupling is
significant (i.e., d is very small), Eq. (2) shows that the eigenval-
ues of S2 are w, = wy £ k — iyy(1 £e*). When the round-trip
phase shift 2y is an integer multiple of 2, i.e., k.d = nm,n € Z,
one of the two eigenvalues turns into a BIC without an imag-
inary part, and the other eigenvalue becomes more lossy, with
twice the original radiation rate. According to the definition
of the Q factor, Q. = Re[w.]/2Im[w.], the mode without an
imaginary part has an infinite Q factor in theory. This is the
so-called Fabry—Perot-type BIC mode, which can be obtained
by tuning the structural parameters of S2, such as A and d.
Due to the large intrinsic loss of gold in the gold nanowire
array system (S3), the radiation rate y, of the grating layer
attached to the gold nanowire array is much larger than the
radiation rate v, of the grating layer beneath. The unreducible
variables in Eq. (2), such as y;,, w;,, «, and ¥, make it diffi-
cult to maximize the Q factor of the hybrid system analytically.
Nevertheless, by setting the two grating eigenfrequencies of
S2 to be equal to the LSPR frequency of S1, ie., w, = w,,
the solution of the hybrid system (S3) in Eq. (2) can be sim-
plified to w, = L@ 1 4 [ OnE (e,
where the Q factors depend mainly on k, and d. By combin-
ing the TCMT-based analysis and numerical calculations, we
can optimize the hybrid system and realize hybrid LSPR-BICs
modes with improved Q factors.

In this study, the spectral properties of the three systems
are calculated by the rigorous coupled-wave analysis (RCWA)
method. RCWA is a frequency-domain modal method that
decomposes the dielectric permittivity function of the grating
and the electromagnetic fields in the plane of the grating in
terms of their Fourier series expansions. The reflectance ampli-
tude can be obtained by enforcing the boundary conditions at the
interfaces between different layers. RCWA has been widely used
for analyzing periodic optical structures because of its accurate
far-field calculations and fast convergence.

As shown in Fig. 1(b), the LSPR peak of the gold nanowire
array in vacuum is located at about 590 nm, with a FWHM of
about 74 nm, corresponding to a Q factor of approximately 8.0.
In order to obtain a Fabry—Perot-type BIC with an ultra-high Q
factor as mentioned above, we first study the scattering prop-
erties of the dielectric double-layer grating system without the
gold nanowire array [i.e., S2 in Fig. 1(a)]. Here, the grating
period A is set at 450 nm, and the distance between two grating
layers d is set as 0.65A =292.5 nm. Figure 2(a) exhibits the
simulated overall specular reflection coefficient as a function
of wavelength and angle of incidence 6. The bright regions in
the map present sharp resonance modes corresponding to the
trapped electromagnetic states in the grating. To further visu-
alize the resonance features, Fig. 2(b) presents the reflectance
spectra at three incident angles [indicated by the labels (1)—(3)
in Fig. 2(a)], namely 8°, 11.5°, and 15°. All three spectra show
three resonance peaks at around 425 and 560 nm. Importantly,
comparison of the three spectral regions shown in the inserts
of Fig. 2(b) reveals that the low-frequency resonance peak at
580.5nm in the reflection spectrum obtained at an incidence
of 11.5° disappears; this corresponds to a BIC with almost no
leakage. As shown in the inserts of Fig. 2(a), the existence of the
BIC mode is confirmed by the extreme near-field confinement
in comparison with the leaky mode at 559 nm in the spectrum
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Fig. 2. Scattering properties of the dielectric double-layer grating
system (S2). (a) Contour plot of the calculated specular reflection
coeflicient as a function of wavelength and the angle of incidence
(0). Insets are the normalized magnetic field distributions at 559 nm
for an 8° angle of incidence (top left) and at 580.5 nm for an 11.5°
angle of incidence (bottom right). (b) Simulated specular reflection
coefficient as a function of wavelength for three incident angles
(0=28°, 11.5°, 15°) as labeled in (a), with the insets showing the
spectral features of the low-frequency resonance mode. The disap-
pearance of the low-frequency resonance peak at an incident angle
of 11.5° indicates a trapping mode without radiation leakage.
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Fig. 3. Scattering properties of the hybrid system (S3). (a) Con-
tour plot of the calculated specular reflection coefficient as a
function of the wavelength and angle (6) of the incident light. (b)
Simulated specular reflection coefficient as a function of the wave-
length at an incident angle of § = 11.5°, as labeled in (a), with
the inset showing the spectral features of the two hybrid resonance
modes. The first (second) hybrid mode HM1 (HM2) is located at
558 nm (582 nm), with a FWHM of 5 nm (7 nm), corresponding to
a Q factor of approximately 111 (83). (c), (d) Normalized magnetic
field distributions for HM1 and HM2, respectively.

obtained at 8° incidence. The linewidth of this BIC is close to
zero, meaning that the corresponding spectrum merges into the
background. In general, the resonance wavelengths and Q factors
of BIC or quasi-BIC modes can be adjusted by tuning structural
parameters, which provides an easy-to-implement method to
realize multifunctional systems.

We then investigate the scattering properties of the hybrid
system [i.e., S3 in Fig. 1(a)]. Figure 3(a) shows the simulated
overall specular reflection coefficient as a function of wavelength
and angle of incidence 6. Three bright branches of resonance
modes appear at positions similar to those in Fig. 2(a), including
one below 500 nm and two above 500 nm. The darkest regions of
these branches correspond to two hybrid modes with extremely
high Q factors, which are labeled with white dots in Fig. 3(a). To
visualize the spectral features of these hybrid modes, Fig. 3(b)
shows the reflectance spectra for an incident angle § = 11.5°,
indicated by the dashed line in Fig. 3(a). In particular, two hybrid
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modes [HM1 and HM2, as shown in the insert of Fig. 2(b)] occur
at a wavelength similar to the BIC in the S2 case. The FWHMs
of HM1 and HM2 are reduced to about 5 and 7 nm, leading to Q
factors of 111 and 83, which are about 14 and 10 times larger than
those of the LSPR in the gold nanowire array (S1). Figures 3(c)
and 3(d) show the normalized magnetic field distributions for
HM1 and HM2, both of which exhibit a significant hybridization
feature where the electromagnetic field appears not only in the
dielectric grating but also at the surface of the metal nanowire
array. Note that the field profile of HM1 is dominant in the upper
grating layer, while the field profile of HM2 is dominant in the
underneath layer, revealing distinctive contributions from the
LSPR and grating modes to different hybrid modes.

In order to optimize the Q factors of the hybrid system, we
explore how the HM1 and HM2 modes evolve with d in this
hybrid system. Figure 4(a) shows the overall specular reflection
coeflicient as a function of the incident wavelength and d (rang-
ing from O to 3A) at an angle of incidence 6 = 11.5°. The bright
lower (HM1) and upper (HM2) branches are distinguishable for
small d but gradually degenerate with increasing d. As shown
in Fig. 4(b), the resonance wavelength of HM1 decreases with
increasing d while that of HM2 increases, leading to a smaller
and smaller difference between them. Here, the resonance fre-
quencies of HM1 and HM2 correspond to the two eigenvalues
of the Hamiltonian given in Eq. (2). Since the near-field cou-
pling strength « is negatively correlated with d, the evolution
of the two eigenfrequencies in Eq. (2) is consistent with the
above simulation results. We also display the FWHMs and Q
factors of HM1 and HM2, which vary with d, in Fig. 4(c). By
solely adjusting d, we can modulate the « of the hybrid system to
optimize the Q factors; simulation results show that the hybrid
system has its maximum Q factors at d = 0.65A. As a result, the
Q factors of the hybrid system can be optimized to 111 for HM1
and 83 for HM2, about 14 and 10 times larger than those of the
gold nanowire array in vacuum.

Due to their broad LSPR profiles, the optical spectrum of a
Au nanowire array generally exhibits only slight changes accord-
ing to the refractive index of its environment [39,40]. Here, the
hybrid system provides strong coupling between the LSPR and
BICs, and the BICs significantly prolong the interaction of the
Au nanowires with light, thus enhancing the overall sensitivity
of refractive-index sensing. Figure 5 shows how the reflection
spectrum of the hybrid system changes as the background refrac-
tive index is increased from 1.00 to 1.03. The peak at 558 nm
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Fig. 4. (a) Contour plot of the specular reflection coefficient for
the hybrid system S3, obtained by sweeping the incident wavelength
and d at an angle of incidence 8 of 11.5°. (b) Resonance wavelengths
of HM1 and HM2 (left y axis) and the difference between them (right
y axis) as a function of d extracted from (a). (c) FWHMs (left y axis)
and Q factors (right y axis) of HM1 and HM2 as a function of d
extracted from (a).
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Fig. 5. Simulated reflection spectra of two hybrid systems
exposed to environments with different refractive indices. The inset
plots their resonant wavelength shifts. Left to right 1.00, 1.01, 1.02,
1.03.

(582 nm) shows a monotonous redshift to 573 nm (596 nm).
As shown in the inset, the wavelength shift (Ady;;) of HM1
(HM2) is 15 nm (14 nm). Thus, the calculated FoM (defined as
FoM = (%) /FWHM in [40]) is about 100 at 558 nm and 67 at
582 nm, respectively, much larger than those obtained for other
typical metal nanostructure-based LSPR sensors [18,41-43].

In summary, we have proposed a hybrid system comprising
a metal nanowire array and a dielectric double-layer grating,
where the broadband LSPR of the former can be coupled with
the BICs of the latter to improve the LSPR Q factor. Through
TCMT-based theoretical analysis and parameter scanning, the
LSPR-BIC intermodal coupling can be analytically modeled
and flexibly manipulated. Numerical simulation results confirm
that this coupling can effectively suppress the radiative damping
of the LSPR and thus significantly increase the LSPR Q fac-
tor 14-fold at the resonance wavelength of 558 nm and 10-fold
at 582nm. We have shown that solely adjusting the distance
between the two dielectric grating layers in the hybrid system
allows for effective modulation of the Q factors. Importantly,
we have demonstrated that this hybrid system can efficiently
improve the FoM of a LSPR-based refractive index sensor (to
about 100 at 558 nm and 67 at 582 nm). The LSPR-BICs cou-
pling concept can be generalized to other plasmonic structures
to enhance their Q factors, allowing stronger light-matter inter-
actions to be realized in various nanophotonic devices, such as
sensors, filters, lasers, and nonlinear optics.
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