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ABSTRACT
Plasmonic bound states in the continuum (BICs) offer a promising route to overcome the intrinsic 
trade-off between field confinement and radiation loss in nanophotonic systems. By exploiting the 
coupling of plasmonic and photonic systems, plasmonic BICs can achieve sharp spectral selectivity 
with strong near-field enhancement, making them attractive for compact and efficient optical 
devices. However, realizing high-Q resonances in plasmonic structures remains challenging due 
to Ohmic losses and the requirement of relatively thick metallic films. Here, we numerically 
demonstrate an ultrathin freestanding photonic – plasmonic membrane that supports hybrid 
guided and quasi-BIC resonances with record-high Q-factors in plasmonic architectures. By inte
grating a thin Ag layer (10–20 nm) with a dielectric SiN membrane, the hybrid coupling suppresses 
radiative leakage while preserving deep-subwavelength confinement, yielding Q-factors exceeding 
2370. Remarkably, even when the total thickness of the photonic-plasmonic membrane is reduced 
to approximately 30 nm, the resonance maintains Q > 1300 with strong near-field intensity, 
a performance regime that cannot be achieved in metal-only plasmonic systems. The demonstrated 
strategy resolves the long-standing trade-off between near-field localization and radiative loss in 
plasmonics by leveraging hybrid BIC formation in an ultrathin membrane platform. Because the 
architecture is compatible with standard thin-film processing and operates with metal layers only 
a few tens of nanometers thick, it provides a practical route to compact, high-performance 
components for nanophotonic sensing, surface-enhanced spectroscopy, quantum emitter cou
pling, nonlinear optics, and subwavelength optoelectronics.

IMPACT STATEMENT
Ultrathin photonic–plasmonic membranes support high-Q (>2000) hybrid bound states in the con
tinuum, overcoming plasmonic limitations and enabling strong light confinement in subwavelength 
architectures for compact nanophotonic devices.
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1. Introduction
Controlling radiative losses in nanophotonic systems has 
become a key strategy for engineering high-Q resonances to 
enhance light – matter interactions at the nanoscale. Bound 

states in the continuum (BICs) [1–5] have emerged as 
a promising candidate to achieve this goal by suppressing 
radiation despite being embedded in the continuum of free- 
space modes. By leveraging the physics of BICs, dielectric 

CONTACT Ya-Lun Ho HO.Ya-Lun@nims.go.jp Research Center for Electronic and Optical Materials, National Institute for Materials Science (NIMS), 
1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan

SCIENCE AND TECHNOLOGY OF ADVANCED MATERIALS: METHODS 
2026, VOL. 6, NO. 1, 2639793 
https://doi.org/10.1080/27660400.2026.2639793

© 2026 The Author(s). Published by National Institute for Materials Science in partnership with Taylor & Francis Group  
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting 
of the Accepted Manuscript in a repository by the author(s) or with their consent.

http://orcid.org/0000-0001-8274-5978
http://orcid.org/0000-0002-3885-5720
http://orcid.org/0009-0005-2398-5353
http://orcid.org/0000-0002-9066-4657
http://orcid.org/0000-0001-8384-6690
http://orcid.org/0000-0003-2647-3407
http://orcid.org/0000-0002-8930-6940
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/27660400.2026.2639793&domain=pdf&date_stamp=2026-03-13


metasurfaces and photonic crystal slabs have been widely 
exploited to realize high-Q resonances, enabling diverse 
applications ranging from low-threshold lasing and ultra
sensitive biosensing to nonlinear optics [6–12]. However, 
despite their superior spectral selectivity, these dielectric 
systems are fundamentally limited by large mode volumes. 
This restricts strong field confinement and thus limits the 
coupling efficiency with subwavelength active materials, 
such as quantum emitters, molecular monolayers, and two- 
dimensional materials.

Plasmonic structures, supporting surface plasmon reso
nances at the metallic surface, offer strong near-field 
enhancement and deep subwavelength confinement [13– 
16]. However, their performance is often hindered by 
intrinsic Ohmic losses, limiting Q-factors and spectral selec
tivity. The concept of plasmonic BICs, emerging from 
designs such as metallic nanoparticle arrays [16–18], mir
ror-coupled plasmonic resonators [19], metal-insulator- 
metal (MIM) metasurfaces [20–22], and chiral plasmonic 
metasurfaces [23], seeks to bridge these limitations by intro
ducing symmetry-protected or interference-based suppres
sion of radiative losses within plasmonic architectures.

Furthermore, the incorporation of metallic components 
in BIC structures introduces distinct advantages for prac
tical applications. The strong field confinement and forma
tion of nanoscale hotspots around metal interfaces enable 
enhanced light – matter coupling far beyond what purely 
dielectric BICs can offer. This advantage has been demon
strated across several key areas. In biosensing, plasmonic 
BICs achieve ultrahigh molecular sensitivity due to 
increased overlaps between the localized field and the ana
lyte region [24,25]. In sub-bandgap photodetection, metal- 
based BICs enable efficient hot-carrier generation through 
nonradiative plasmon decay, a mechanism absent in dielec
tric systems [22]. In nonlinear optics and surface-enhanced 
Raman scattering, the near-field amplification associated 
with plasmonic BICs significantly boosts conversion effi
ciencies and detection limits [24–27]. Collectively, these 
results highlight that metallic elements are not merely struc
tural modifiers but are essential for achieving functionalities 
unattainable with dielectric BICs alone.

Recent studies have demonstrated plasmonic BICs with 
improved Q-factors while maintaining ultra-small effective 
mode volumes, leading to advances in applications such as 
hot-electron photodetection [22], perfect absorption [19], 
nonlinear harmonic generation [21], biosensing [24,25], 
and lasing [23,28]. Hybrid photonic – plasmonic designs 
that couple plasmonic structures with dielectric resonators 
further decrease mode volumes, enabling more efficient 
light – matter coupling. For example, hybrid photonic – 
plasmonic BIC systems leveraging out-of-plane symmetry 
breaking in metasurface geometries [18], hybrid MIM- 
dielectric architectures [22], and topologically protected 
hybrid systems [21] have been shown to achieve tunable, 
high-Q modes with strong field localization. While plasmo
nic BICs have opened new opportunities for manipulating 
light – matter interactions at the nanoscale, realizing high-Q 

resonances with strong confinement remains difficult due 
to metallic absorption losses and structural complexity 
[20,29]. These challenges motivate the exploration of ultra
thin or hybrid photonic – plasmonic systems [25,30,31] that 
can retain high Q-factors while achieving deep subwave
length field confinement.

In this work, we numerically demonstrate an ultrathin 
freestanding photonic – plasmonic membrane that sup
ports hybrid guided modes (GMs) and quasi-BIC modes, 
enabling high-Q resonances through metal – dielectric 
coupling. The ultrathin form factor of membrane-based 
nanophotonic architectures provides unique advantages 
for integration into compact optical systems. Such free
standing architectures have been successfully demonstrated 
in ultrafast all-optical switching and chiral metasurface 
platforms [32,33], highlighting their potential for advanced 
light manipulation. The proposed structure integrates a thin 
plasmonic metal layer (10–20 nm) with a photonic mem
brane [34–39], forming a strongly confined hybrid mode 
where the photonic and plasmonic fields interact construc
tively to suppress radiative leakage. When the metallic layer 
thickness is optimized, the hybrid photonic – plasmonic 
quasi-BIC exhibits a Q-factor approaching 2370, which is 
among the highest values reported for plasmonic BIC struc
tures. Furthermore, reducing the dielectric thickness down 
to 20 nm sustains the high-Q resonance while simulta
neously enhancing the field confinement. These findings 
demonstrate that high-Q plasmonic resonances can be 
achieved in a deeply subwavelength membrane structure 
via hybrid quasi-BIC coupling between ultrathin metal and 
dielectric layers. The resulting configuration, consisting of 
a 20-nm dielectric slab combined with an equally thin metal 
film, yields a strongly confined, low-radiation-loss mode 
that cannot be achieved with conventional metal-only plas
monic systems. This work highlights the potential of hybrid 
BIC strategies based on the photonic-plasmonic membrane 
that combine the low-loss nature of dielectric resonators 
with the extreme near-field enhancement of plasmonic 
modes, offering new opportunities for compact and high- 
performance platforms in nanophotonics, quantum photo
nics, optoelectronics, nonlinear optics, and biosensing.

2. Results and discussions

Figure 1(a) shows the schematic illustration of the proposed 
photonic – plasmonic membrane structure, consisting of 
a dielectric (SiN) slab with a triangular lattice of air holes and 
a thin metal (Ag) layer deposited on top. The membrane 
geometry is defined by the lattice period (P), hole radius (R), 
dielectric slab thickness (TSiN), and metal layer thickness 
(TAg). The simulations were performed using rigorous 
coupled-wave analysis (DiffractMOD, RSoft Design 
Group, U.S.A.) under periodic boundary conditions in the 
x- and y-axes and perfectly-matched-layer conditions in the 
z-axis for an air-suspended photonic membrane (TAg = 0) 
with parameters p = 600 nm, R = 150 nm, and TSiN = 150  
nm, representing the dielectric structure without the metal 
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film, as shown in Figure 1(b). The optical properties of SiN 
and Ag were taken from the previous studies [40,41]. The 
angle-dependent reflectance spectra were calculated for 
x-polarized excitation under varying incident angles (θy) 
along the y-axis, ranging from 0° to 20°, to investigate 
symmetry-protected BICs near the Γ point. Two resonances 
appear near 615 nm and 668 nm at normal incidence, cor
responding to guided modes GMTM and GMTE, respec
tively. The transverse electric (TE) and transverse magnetic 
(TM) characteristics of these modes were identified through 
the field component distributions. In contrast, additional 
narrow resonances observed around 640–710 nm are 
attributed to quasi-BIC modes (BICTM, BICTE1, and 
BICTE2), exhibiting vanishing radiative intensity at 0° and 
extremely narrow linewidths. While the guided modes 
maintain relatively broad bandwidths, the quasi-BIC 

resonances display linewidths approaching zero as the inci
dence angle approaches normal.

After investigating the photonic membrane supporting 
both guided and quasi-BIC modes, we next examined the 
influence of plasmonic effects by introducing a metal layer 
on top, forming a plasmonic – photonic membrane struc
ture. Figure 1(c,d) present the simulated dispersion dia
grams of the same structure as in Figure 1(b), but with Ag 
layers of 10-nm and 40-nm thickness, respectively. Due to 
the intrinsic Ohmic loss of Ag, absorptance was calculated 
and used to construct the dispersion diagrams for clearer 
visualization of resonant features. Compared with the 
photonic membrane (Figure 1(b)), the structure with a 10- 
nm Ag layer (Figure 1(c)) exhibits a similar dispersion 
relation. However, the resonance linewidths, particularly 
that of the quasi-BIC resonance, become noticeably 

Figure 1. (a) Schematic diagram of the photonic – plasmonic membrane supporting high-Q hybrid quasi-BICs. The membrane consists of 
a triangular lattice of air holes with a lattice period p = 600 nm and radius R = 150 nm in a dielectric (SiN) slab of thickness TSiN = 150 nm, 
integrated with a plasmonic metal (Ag) layer of variable thickness (TAg) on the top surface. The schematic also illustrates the incident light angle 
along the y-axis (θy) and polarization along the x-direction (Ex). (b) Simulated reflectance spectra as a function of θy for the photonic membrane 
without a metal layer. (c,d) Simulated absorptance spectra as functions of θy for the plasmonic – photonic membrane with TAg = (c) 10 nm and 
(d) 40 nm, respectively. (e) Simulated absorptance spectra as a function of TAg for the plasmonic – photonic membrane at θy = 2°. (f) Simulated 
variation of the resonance-mode Q factor as a function of TAg. Inset: absorptance variation of the higher-order GM and BIC indicated in (f).
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broader, indicating the effect of increased metallic loss. In 
Figure 1(d), when the metal thickness increases to 40 nm, 
two additional split resonances appear near 520 nm at small 
incident angles, which are not present in Figure 1(b,c). 
These two modes, denoted as GMTE,1st and BICTE,1st, cor
respond to higher-order resonances supported by the 
photonic – plasmonic membrane once the metal layer 
reaches a certain critical thickness. With further increase 
in Ag thickness, both modes broaden and their absorptance 
gradually decreases. Figure 1(e) shows the spectral variation 
as a function of Ag thickness at an incident angle of 2°, 
clearly illustrating the evolution of resonance modes. The 
extracted Q-factor variations from these spectra are plotted 
in Figure 1(f). GMTE,1st and BICTE,1st show distinct beha
vior. Rather than evolving continuously from the photonic 
case (TAg = 0), they reach their maximum Q-factors of 
approximately 450 and 2370 at TAg = 20 and 25 nm, respec
tively. Notably, BICTE,1st achieves maximum absorptance at 
TAg ≈ 25 nm, indicating the optimized hybrid coupling 
condition.

'To further clarify the correspondence between the reso
nance modes in the photonic and photonic – plasmonic 
membranes, we analyzed the near-field distributions, repre
sented by the electric energy density at the metal – dielectric 
interface in the xy plane. The electric energy density is 
defined as UE = ½∫Re[ε(r′)]|E|2 dV, where E is the electric 
field normalized by the amplitude of the incident light, ε is 
the spatially dependent permittivity, and V is the volume of 

the simulation grid. Figure 2(a,c) show the calculated reflec
tance and absorptance spectra for the photonic membrane 
and the photonic – plasmonic membrane, respectively. The 
spectra at incident angles of 0° and 2° are chosen to distin
guish between the GMs and BICs. For the photonic mem
brane, the resonance at 615 nm corresponds to GMTM, 
exhibiting strong field enhancement between air holes 
along the x-direction, as shown in Figure 2(b). The narrow 
resonance at 648 nm shows field localization between holes 
along the y-direction, corresponding to BICTM. The mode 
at 668 nm displays a broader spectral response with the field 
concentrated inside the air holes rather than within the 
dielectric, corresponding to GMTE. BICTE1 appears at 707  
nm with strong energy density localized at the hole edges, 
while another mode, BICTE2, emerges at 748 nm with the 
field predominantly oriented along the x-direction. For the 
plasmonic – photonic membrane, GMs and BICs exhibit 
spatial distributions similar to their photonic counterparts, 
as shown in Figure 2(d), indicating the hybridized nature of 
the hybrid plasmonic – photonic modes. It is noted that two 
resonances at 586 nm and 598 nm (CM1 and CM2) display 
coupling between GM and BIC modes, consistent with the 
mode interaction seen in Figure 1(d). Furthermore, two 
additional higher-order modes, GMTE,1st and BICTE,1st, as 
indicated in Figure 1(d,e), appear at 510 nm and 528 nm, 
respectively. These modes, characterized by narrow line
widths, are unique to the plasmonic – photonic membrane 
and are absent in the purely photonic case.

Figure 2. (a,c) Simulated reflectance/absorptance spectra of (a) the photonic membrane and (c) the photonic – plasmonic membrane (TAg =  
20 nm) at θy = 0° (black) and θy = 2° (red). (b) Electric energy density distributions of the GMs and BICs observed in the photonic membrane. The 
distributions are taken on the xy plane at the SiN – air interface under illumination. (d) Electric energy density distributions of the hybrid modes 
observed in the photonic – plasmonic membrane. The distributions are taken on the xy plane at the SiN–Ag interface.
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To investigate the influence of the dielectric slab 
thickness on the coupling between surface plasmon 
and photonic modes, we calculated the resonance 
spectra as a function of dielectric thickness. 
Figures 3(a,b) show the reflectance spectra of the 
photonic membrane and the absorptance spectra of 
the plasmonic – photonic membrane with a 20-nm 
Ag layer, respectively, at the incident angle of 2°. In 
the photonic case, both guided and quasi-BIC modes 
exhibit a continuous blueshift as the dielectric mem
brane becomes thinner, maintaining smooth reso
nance evolution without pronounced mode 
coupling, except where two guided modes merge 
near TSiN = 230 nm. In contrast, the plasmonic – 
photonic membrane displays markedly different 
behavior. For dielectric thicknesses above 100 nm, 
the guided and quasi-BIC modes remain distinct. 
However, as the thickness decreases below 100 nm, 
these resonances merge and undergo abrupt spectral 

transitions. Figure 3(c) presents the spatial electric 
energy distributions of the resonances indicated in 
Figure 3(b), confirming that their near-field profiles 
correspond to those observed in Figure 2(d). When 
the dielectric thickness is reduced below 40 nm, only 
two resonant modes remain. These modes exhibit 
narrow linewidths and significantly enhanced inten
sity compared with higher-order GMs and BICs at 
similar wavelengths in thicker membranes, demon
strating the formation of strongly confined hybrid 
modes in the ultrathin photonic – plasmonic 
membrane.

Figure 3(d) shows the dispersion diagram of the photo
nic – plasmonic membrane composed of a 20-nm SiN layer 
and a 20-nm Ag layer, where GM and quasi-BIC resonances 
appear near normal incidence with mode coupling. In 
Figure 3(e), the corresponding electric energy distributions 
reveal fields strongly localized near the air holes and extend
ing along the y-direction. The electric field amplitude and 

Figure 3. (a) Simulated reflectance spectra as a function of TSiN for the photonic membrane at θy = 2°. (b) Simulated absorptance spectra as 
a function of TSiN for the photonic – plasmonic membrane with TAg = 20 nm at θy = 2°. (c) Electric energy density distributions of the hybrid GM 
and BICs indicated in (b). The distributions are taken on the xy plane at the SiN–Ag interface. (d) Simulated absorptance spectra as a function of θy 

for the ultrathin photonic – plasmonic membrane (TSiN = 20 nm, TAg = 20 nm). (e) Electric energy density distribution and the dominant out-of- 
plane electric-field (Ez) (f) amplitude and (g) phase distributions of the hybrid quasi-BIC indicated in (d). The distributions are taken on the xy 
plane at the SiN–Ag interface.
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phase distributions of the dominant out-of-plane Ez com
ponent (Figure 3(e–g)) at the resonance marked in Figure 3 
(d) confirm the anti-symmetric distribution characteristic 
of the hybrid photonic – plasmonic quasi-BICs.

From the results in Figure 3, it can be concluded that 
narrowband hybrid photonic – plasmonic modes can be 
achieved by coupling ultrathin dielectric membranes with 
thin metallic layers. To further compare these hybrid photo
nic – plasmonic modes with pure plasmonic resonances, we 
simulated a reference structure consisting solely of a metal 
hole-array membrane without any dielectric component. 
Figure 4(a,b) show the absorptance spectra as a function of 
Ag thickness for the photonic – plasmonic membrane (with 
a 20-nm SiN layer) and the pure plasmonic membrane, 
respectively. In the photonic – plasmonic membrane, nar
rowband resonances appear even when the Ag layer is 
thinner than 20 nm, whereas in the pure plasmonic mem
brane, resonances emerge only when the Ag thickness 
exceeds 50 nm. Furthermore, the resonance intensity in 
the photonic – plasmonic membrane is substantially stron
ger than that in the metal-only counterpart. For the hybrid 
quasi-BIC mode, the Q-factor reaches approximately 1380 
when the Ag thickness is 10 nm. Figure 4(c) compares the 
absorptance spectra of the photonic – plasmonic mem
brane (20-nm SiN/20-nm Ag) and the pure plasmonic 

membrane (40-nm Ag), together with their corresponding 
absorption distributions at the metal surface under normal 
incidence. The hybrid photonic – plasmonic membrane 
exhibits a maximum absorption intensity approximately 
five times higher than that of the pure plasmonic case, 
confirming the superior field confinement and energy loca
lization enabled by hybrid quasi-BIC formation. 
Synthesizing the analysis of structural variations presented 
above, two distinct design regimes were identified for the 
proposed photonic – plasmonic membrane. The thicker 
dielectric configuration (TSiN = 150 nm) supports the high
est Q-factor (~2370), representing the design for applica
tions prioritizing maximum spectral selectivity. In contrast, 
the ultrathin configuration (TSiN = 20 nm, TAg = 20 nm) 
demonstrates the hybrid architecture’s capability to main
tain a high Q-factor (~1380) and strong absorption even at 
the limit of physical thickness. This latter regime is particu
larly significant for developing extremely compact, flexible 
nanophotonic devices where minimizing the device foot
print and mode volume is the primary design criterion. 
Furthermore, it is noted that while Ag was selected for this 
study due to its minimal ohmic losses in the visible spec
trum, which is critical for achieving the highest possible 
Q-factors, its chemical stability is a known concern. 
Alternative plasmonic materials such as Au or Al offer 

Figure 4. (a) Simulated absorptance spectra as a function of TAg for the photonic – plasmonic membrane with TSiN = 20 nm at θy = 2°. 
(b) Simulated absorptance spectra as a function of metal layer thickness (TAg) for the pure plasmonic membrane (metal-only 
structure). (c) Simulated absorptance spectra of the photonic – plasmonic membrane (TSiN = 20 nm, TAg = 20 nm) and the pure 
plasmonic membrane (TAg = 40 nm) at θy = 2°. Insets: absorption distributions of the hybrid quasi-BIC and pure plasmonic quasi-BIC 
modes indicated in (c), taken on the xy plane at the Ag – air interface. (d) Comparison of simulated absorptance spectra for the 
photonic – plasmonic membrane (TSiN = 20 nm) with Ag, Au, and Al layers of the same thickness (20 nm) at θy = 2°.
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superior environmental stability; however, our preliminary 
simulations suggest that substituting Ag with Au or Al 
would lead to increased damping and broader resonance 
linewidths, thereby reducing the Q-factor and the absorp
tance of the hybrid BIC modes, as shown in Figure 4(d). For 
practical applications requiring long-term durability, a thin 
protective passivation dielectric layer on the Ag surface or 
the use of Au could be considered, though with a trade-off in 
the sharpness of the resonance.

It is worth noting that the sharp absorption features 
observed in our hybrid system arise from the critical cou
pling between the incident light and the quasi-BIC mode. 
As the radiative loss channel is suppressed near the BIC 
condition, it can be matched with the intrinsic non- 
radiative loss (ohmic loss) of the metal, resulting in strong 
and high-Q absorption. This sharp spectral feature is phe
nomenologically similar to electromagnetically induced 
absorption [42], where destructive interference suppresses 
the reflection, channeling energy into absorption [43]. 
Unlike conventional broadband plasmonic absorbers, our 
hybrid architecture enables narrowband absorption, which 
is advantageous for sensing and filtering applications.

3. Conclusions

In summary, we have designed and analyzed 
a plasmon-coupled photonic membrane that simul
taneously supports GM and quasi-BIC resonances. 
By integrating an ultrathin metallic layer (10–20 nm 
thick) with a dielectric membrane, narrowband reso
nances with significantly enhanced intensity are 
achieved. Such performance cannot be realized in 
conventional metal-only plasmonic systems. In addi
tion to its superior optical characteristics, the pro
posed architecture is compatible with standard 
nanofabrication processes and provides greater 
structural flexibility than pure metal membranes. 
The demonstrated photonic – plasmonic membrane 
supporting narrowband quasi-BIC modes thus 
represents a promising platform for high-sensitivity 
biosensing, surface-enhanced Raman scattering, 
photodetection, and photocatalysis, where both 
strong field localization and sharp spectral selectivity 
are essential.
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