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ABSTRACT: Nanoantenna—microcavity hybrid systems offer
unique platforms for the study and manipulation of light at the
nanoscale, since their constituents have either low mode volume
or long photon storage time. A nearby dielectric optical cavity
can modify the photonic environment surrounding a plasmonic
nanoantenna, presenting opportunities to sculpt its spectral
response. However, matching the polar opposites for enhanced
light—matter interactions remains challenging, as the antenna
can be rendered transparent by the cavity through destructive
Fano interferences. In this work, we tackle this issue by offering
a new plasmonic—photonic interaction framework. By coupling
to a photonic crystal guided resonance, a gold nanostar delivers
1 order of magnitude amplified absorption, and the ultrasharp
Lorentzian-line-shaped hybrid resonance is continuously tunable
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over a broad spectral range by scanning of the incidence angle. Our intuitive coupled mode model reveals that a distinct optical
pathway highlighting the cavity-mediated activation of nanoantennas is key for absorption enhancement. Moreover, we show
that the line width of the enhancement can be widely tunable, and that the maximum power transferred to the antennas is
attained under critical coupling. The cooperative hybrid system opens up new opportunities to boost a wealth of applications
including ultrasensitive molecular spectroscopy, plasmonic hot carrier chemistry, thermoplasmonic, spontaneous emission
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enhancement, nanolasers, and many more.
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lasmonic nanoantennas are key elements in the conversion

of radiative waves into intense, nanoscale localized fields,'
enabling strong light—matter interactions that underpin a
wealth of applications including plasmon-induced hot carrier
technology,” thermoplasmonics,” spontaneous emission en-
hancement,® surface-enhanced spectroscopy,” nanolasers,”
nonlinear optics,” and quantum plasmonics.” Optical absorp-
tion induced in the plasmonic nanoantenna, a local quantity
calculated by integrating the product of frequency, local
electric field intensity, and the imaginary part of the dielectric
permittivity over the volume of the nanoantenna, is of
particular interest as it characterizes the strength of its
interplay with light.'"" The enhancement of absorption,
signifying amplification of optical field localized at the
plasmonic resonator, is limited by rapid plasmon dephasing
through radiative and nonradiative channels."" It is intuitive to
interface a plasmonic nanoantenna with a dielectric optical
microcavity (for instance, a Fabry—Perot cavity,lz’13
whispering-gallery-mode (WGM) cavity,'* or a photonic
crystal'®) which features an extended photon lifetime'® to
attain stronger light—matter interactions. Recently, we
reported enormous near-field enhancement when gold nano-
rods are coupled to an on-resonant (that is, @, = ®_) photonic
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crystal guided resonance (PCGR)."” Despite a few successful
examples, however, it remains unclear how to coordinate the
two polar opposites to synergistically combine an antenna’s
mode confinement and a cavity’s optical feedback. Typically,
the plasmonic—photonic hybridization undergoes Fano inter-
ference with a strikingly different phenomenon: an on-resonant
optical cavity effectively depolarizes the plasmonic antenna in
analogous to electromagnetically induced transparency
(EIT)," diminishing its absorption over a narrow spectral
window,'”™*" and absorption enhancement is often only
bestowed with an antenna—cavity resonance frequency
detuning, where asymmetric Fano line shapes occur.'”**~>
Why does an on-resonant microcavity enhance the near field of
the antenna in one case, but suppress it in another case? Under
what conditions would a microcavity always cooperate with a
nanoantenna regardless of their frequency detuning?

This letter addresses these questions by studying a broadly
representative plasmonic—photonic hybrid resonator system
comprised of gold nanostars (AuNSs) deposited on a photonic
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Figure 1. AuNS—PCGR hybrid structure for spectrally tunable absorption enhancement. (A) Schematic illustration of the hybrid system consisting
of individual gold nanostars (AuNSs) dispersed on the surface of a dielectric photonic crystal (PC) slab (TiO, coated on the AuNS is omitted).
TM-polarized light (incident electric field lying in the plane of incidence) excites the plasmonic—photonic hybrid resonance at incident angle 6,
and the zeroth-order transmittance and reflectance are measured to probe the AuNSs’ extinction. Structure parameters of the PC slab: P = 460 nm,
fi=0.6,f, =055, t =187 nm, d = 80 nm. The geometry of the AuNS is described in the Supporting Information. Scanning electron microscopy
images of the (B) hybrid structure and (C) AuNSs. (D) Compared to solitary AuNSs, PCGR-coupled ones deliver significantly enhanced
absorption. The ultrasharp hybrid resonance is spectrally tunable with broad-band coverage by continuous scanning of the incidence angle.

crystal (PC) slab. Far-field measurements of the AuNS—PCGR
hybrid under different polarizations and incidence angles
demonstrate that the cavity mediates a strong absorption
enhancement of 1 order of magnitude, and the sharp resonance
is spectrally tunable from visible to near-infrared ranges. Here
the moderate-Q PCGR microcavity serves as a low-loss storage
of the optical field, while the optical antenna AuNS creates
nanometer-scale hotspots, leading to vigorous optical energy
extraction at the nanoscale. With an intuitive temporal coupled
mode theory (TCMT)***” model, we attribute the absorption
enhancement to unique optical pathways (in contrast to typical
Fano interactions where the “bright” antenna mode is driven
directly by external fields and subject to backaction of the
“dark” cavity mode, here the narrowband cavity resonance
channels energy between the external fields and the broadband
antenna resonance). We show that a judicious coordination of
the PCGR’s Q-factor and surface density of the antennas is
critical to achieve maximum absorption. Our result can be
generalized to interface broad classes of resonant nano-
photonic building blocks, offering a new perspective on
enhancing light—matter interactions. The eflicient energy
coupling to the nanoscale is ideal for ultrasensitive molecular
spectroscopy, artificial photosynthesis, nonlinear optics,
creating nanoscopic heat sources, and many more.

The AuNS—PCGR hybrid system is composed of individual
AuNSs (acting as plasmonic nanoantennas) located on the
surface of a PC slab (acting as a dielectric microcavity) (Figure
1A). Their spectral and spatial modal overlap gives rise to near-
field coupling of the plasmonic and photonic resonances,
forming a hybrid supermode that combines the cavity’s high Q-
factor and antenna’s small mode volume. The PC slab is
comprised of a TiO, (n = 2.3) film deposited on a quartz (n =
1.47) substrate that is periodically modulated along the x-
direction. When meeting the phase-matching conditions, a
transverse magnetic (TM) polarized plane wave (with the
incident electric field component lying in the x—z plane)
excites twin counterpropagating leaky modes in the corrugated
TiO, film.*** Continuous scanning of the incidence angle
produces ultrasharp PCGRs (Q = 400 at 4 = 795 nm) with
broad spectral coverage from 600 to 1000 nm. The open-face
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architecture of the PC slab lends itself well to large-area
fabrication and enables simple integration with plasmonic
antennas in various forms, including colloidal metal nano-
particles, lithographically patterned nanostructures, synthesized
antenna—reactor composites, and movable metallic tips.*’
Here, we choose the spiky AuNSs (diameter 100 nm, Figure
1C) as an example because (1) compared to nanorods, their
symmetric structure enables eflicient antenna—cavity coupling
that is insensitive to the orientation of the nanoparticle, and
(2) compared to nanospheres, their sharp tips accommodate
multiple strong electromagnetic hotspots.”’ The very low
surface density (Figure 1B) of the AuNSs excludes interparticle
coupling. As we shall see later, the AuNS density has an impact
on the resonant absorption strength and line width. To
compensate for the wavelength mismatch between the pristine
AuNSs and the PCGRys, a thin film of TiO, was deposited onto
the hybrid structure to red shift the plasmon resonance® to 4
= 795 nm, such that the tunable PCGRs are encompassed
inside (Figure S2).

One unique feature of our antenna—cavity hybrid system is
that the cavity effect can be disentangled in situ, as PCGRs can
be switched on/oft through changing the polarization or
incidence angle of the excitation beam, allowing a direct
comparison between the solitary and cavity-coupled antennas.
We interrogate the extinction of the same antennas under
different coupling scenarios through probing the specular
reflectance R and zeroth-order transmittance T spectra of the
composite (Figure 1A). The low-loss bare PCGR mode is
associated with a sharp peak (dip) in the R (T) spectrum, with
R+T approaching 1 (Figure S1; a small discrepancy comes
from scattering due to surface roughness). Upon coupling to
lossy plasmonic nanoparticles, a prominent drop (rise) in the
resonant reflection peak (transmission dip) intensity occurs,
accompanied by broadening of the resonance line width,
signaling the formation of a plasmonic—photonic supermode
(Figure S3). By energy conservation, these spectral character-
istics stem from energy extinction in the nanoparticles,
specifically, 1-R-T = Abs + S, where Abs and S are the
absorption and nonzeroth order scattering of the antennas,
respectively.”” While it is hard to distinguish between
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Figure 2. PCGR-mediated AuNS absorption enhancement. (A) Experimental 1-R-T spectra of the hybrid system at 8. = 2.3° for TM- (red) and
TE- (green) polarized incident light (as indicated in the inset). (B) Simulated 1-R-T (solid line) and absorption Abs spectra (dashed line) of the
hybrid system, under TM- (red) and TE- (green) polarized illumination. (C) Normalized near-field intensity [EI* profile of the hybrid resonance at
[TM, 6,,. = 2.3° 1 = 795 nm] (TiO, coated on the AuNS not shown). (D) Measured evaluation of 1-R-T at [TM, A = 795 nm] as a function of 6,
(as indicated in the inset). (E) Simulated Abs (navy) and normalized average electric field intensity on the AuNS surface (lElZ)EAuNS (orange) at
[TM,A = 795 nm] as a function of &,,. (F) Power dissipation density (unit W/m?®) profile of the AuNS at different illumination conditions as

indicated in (E). Incident field intensity: 1 MW/m?.

absorption and scattering solely from far-field measurements,
our numerical simulation reveals that absorption dominates the
extinction 1-R-T (Figure 2B), directly associating 1-R-T
enhancement with absorption amplification. We demonstrate
that compared to solitary AuNSs, the PCGR-coupled ones
produce a large and narrowband absorption enhancement that
is tunable across a broad spectral range (Figure 1D).

For clarity, we first focus on one PCGR mode, which is
brought to on-resonance with the AuNSs (Apcgr = Aauns = 795
nm) at incidence angle 6,,. = 2.3°. The far-field properties of
the hybrid system were measured under both polarizations,
and the resulting 1-R-T spectra at 6, = 2.3° are shown in
Figure 2A. Upon activation of the cavity mode under TM
polarization (red), superimposed on a broad-band extinction
background, a pronounced Lorentzian-line-shaped sharp peak
appears, whose spectral location is dictated by the PCGR. In
contrast, the absence of a cavity mode under transverse electric
(TE) polarization (green) corresponds to an extinction
overlapping the background in the TM-polarized case. The
background is associated with the solitary antenna modes
without cavity coupling, while the sharp peak manifests the
cavity-empowered antenna resonances. At first glance, it is
tempting to interpret it as signatures of electromagnetically
induced absorption (EIA).”* However, the occurrence of
absorption enhancement here does not involve any manipu-
lation of the retardation phase shift,” or specific configurations
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of coupling and loss rates,

enter the EIA regime.

Furthermore, we performed angle-resolved far-field measure-
ments of the hybrid under TM polarization. Figure 2D depicts
the evolution of its optical response at 4 = 795 nm, as the
incidence angle 8, is scanned approaching and departing from
the resonance angle. Derived from the phase matching
condition of the PCGR mode, the hybrid resonance also
presents strong angle dependence, further validating the
cavity’s role in absorption amplification. The 10X enhance-
ment of extinction 1-R-T mediated by an on-resonant cavity is
in stark contrast to the abrupt suppression of absorption
observed in plasmonic nanoantenna—WGM couplings, where
the antenna is rendered transparent by an on-resonant
cavity.'”*** Given the AuNSs surface density of approx-
imately 0.7 um ™2 here, the apparent extinction cross section of
a PCGR-coupled AuNS is 6., = 0.4/0.7 yum™> = 0.57 um?,
which is 1 order of magnitude higher than that of a solitary
AuNS, and much larger than its physical dimension. The large
effective cross section illustrates the antenna’s ability to capture
and interact with light, and is a result of the synergistic
combination of an extended photon lifetime and a strong mode
confinement.*”

A near-field optical picture is required to understand the
underlying physics of the far-field spectral features of the
hybrid resonance. We performed finite element method
simulation (COMSOL Multiphysics) of the hybrid structure

which are often necessary to
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as sketched in Figure 1A. The simulated optical properties of
the AuNS—PCGR hybrid (Figure 2B and 2E) show good
agreement with the experiments. Importantly, Figure 2B shows
that the absorption directly calculated from power dissipation
in the AuNS dominates the total extinction 1-R-T. Figure 2E
depicts that the incidence angle dependent absorption and the
average near-field intensity on the AuNS surface (normalized

to the incident field) (BF)pans = [, [BPdr/ [ dr®

TAuNS
share identical evolution trend, which is as expected since the
transition rate for absorption of a photon is proportional to the
electric field intensity.”” In other words, an enhancement of the
nanoantenna’s absorption is tantamount to an elevation of the
local field intensity at the nanoantenna.

In comparison to solitary nanoantennas, the cavity-coupled
ones can effectively trap light and induce a large near-field
enhancement. The simulated normalized electric field intensity
[EI* profile of the hybrid resonance at [TM,0,,. = 2.3°, A = 795
nm] is shown in Figure 2C, where the standing-wave pattern in
the corrugated TiO, film originates from interference between
two counterpropagating PCGRs, and the very large field
intensity localized at the AuNSs signifies the antennas’ role in
nanometer-scale focusing and boosting of optical energy.
Again, the symbiotic relationship between the antenna and
cavity modes departs from Fano interferences, indicating that a
different modal interaction mechanism is responsible for
cooperative enhancement. Figure 2F compares the dissipation
power density in the AuNS when the PCGR is on-resonance
(O = 2.3° red box) and off-resonance (6,,. = 6°, green box)
as indicated in Figure 2E. It is noteworthy that, in contrast to
several reported perfect absorbers where dissipation is
distributed over an extended surface area,””*’ here strong
absorption is realized using a few nanoparticles, offering
intriguing opportunities to empower light—matter interactions
at the single nanoparticle level.*' In addition, hybridization
preserves the multiple intrinsic hotspots at the AuNS tips, ideal
for enhancing plasmonic hot carrier gernation and extraction,
which depend fundamentally on optical absorption and have
preference for regions that combine high curvature with high
near-field intensity.**

In essence, the delocalized PCGR mode serves as a conduit
of energy from the far field to the near field, accumulating
strong optical energy to feed the antennas. The PCGRs
dominate the antennas in interaction with the external
radiation through phase matching across its large surface
area. As the PCGR effectively captures the excitation field and
circulates the photons within the cavity, it produces an intense
optical field that significantly modifies the photonic environ-
ment of the antenna. A much stronger near-field excitation of
the antenna leads to prominent enhancement of its local field
intensity and absorption. The profound reduction of resonance
line width for cavity-coupled antennas is induced by effective
“dilution” of plasmonic dissipation with a large lossless
dielectric cavity; that is, photons recycling through the cavity
effectively prolong the lifetime of the hybrid mode.

Our plasmonic—photonic hybrid enjoys unprecedented
spectral tunability. The measured transmittance spectra of
the hybrid system (Figure 3A colormap) as a function of
incidence angle exhibits a band diagram reminiscent of that of
the PCGRs. The resonance spectral location can be correctly
described wusing phase matching conditions

B = 27”sin((9 ) + %” (Figure 3A white dashed lines), where

inc
B are the propagation constants of counterpropagating TM,
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Figure 3. Spectrally tunable plasmonic—photonic hybrid resonance.
(A) Experimentally measured transmittance spectrum of the hybrid
resonator as a function of 6,,. (colormap). Band diagram of the TM,
PCGR predicted analytically from phase-matching conditions is
overlaid (white dashed curves). (B) Experimentally measured
extinction spectrum of solitary AuNSs without cavity coupling. (C)
Measured 1-R-T spectra of the hybrid system at various incident
angles from 6, = 2° (bottom trace) to 6, = 38° (top trace) in
interval of 4°. The traces are consecutively offset by 0.25.

guided modes in the air/TiO,/SiO, dielectric slab waveguide,
and P represents the lattice constant of the PC slab. The
broad-band nature of the plasmon resonance of solitary AuNSs
(Figure 3B) gives rise to wide spectral tunability of the hybrid
mode. Figure 3C depicts the evolution of 1-R-T spectra of the
hybrid system as 0, is increased from 2° to 38°. Interestingly,
large absorption amplification is retained and continuously
tunable across the 600—1000 nm wavelength range, even
though the absorption of solitary antennas is weak at extended
spectral ranges. The conservation of the Lorentzian line shape
is remarkable.'”** In comparison, the absorption line shapes of
a gold nanoparticle coupled to a WGM are sculpted by their
frequency detuning: when @, = w, the Fano interference is
always destructive; when w, > @, the Fano interference is
constructive at lower freqency but destructive at higher
frequency; when @, < @, the asymmetry is reversed and the
interference is constructive at higher frequency but destructive
at lower frequency. The spectrally tunable absorption enhance-
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Figure 4. Key to cooperative antenna—cavity coupling. (A) TCMT model describing the AuNS—PCGR coupling. A generalized cavity mode
(amplitude c) couples to an antenna mode (amplitude a and damping rate y,) with coupling strength y. The cavity exchanges energy with the
incoming s 5), and outgoing s, ,)_ waves associated with the two ports with coupling rates k; ,) and d, ,), respectively. (B) Extinction spectra of a
hybrid structure at . = 2°, 6°, and 10°; the experiments (gray) and TCMT fitting (red) are overlaid. Traces are consecutively offset by 0.5. (C)
(From bottom to top panel) 1-R-T spectra of hybrid composites with increasing AuNS surface density at 6,,. = 3°. The density ranges from 0.14 to
1.4 um™2 (D) Overlay of simulated (gray) and TCMT fitted (red) extinction spectra of the AuNS-array-on-waveguide hybrid structure (top inset),
at [TM,0,,. = 2.3°]. Lower inset: TCMT model describing the Fano optical pathways of the array-on-waveguide structure.

ment of the PCGR-coupled nanoparticle makes it ideally
suitable for applications like on-chip photodetectors and
spectrometers.”’ In addition, this hybridization concept can
be readily extended to the mid-infrared range, promising
ultrasensitive surface enhanced infrared absorption spectros-
copy, where the strong, ultrasharp hybrid resonances can be
spectrally tuned through angle multiplexing to match the
molecular vibrational fingerprints.**

The antenna—PCGR interaction can be accounted by
TCMT," as schematically depicted in Figure 4A. The cavity
resonance (mode amplitude ¢, central frequency @, and
damping rate y.) communicates with the external radiation and
at the same time couples to an antenna mode (amplitude
a, central frequency w,, damping rate y,). We first decouple the
antenna mode from the external radiation on the assumption
that its near-field interaction with the cavity is significantly
stronger than with direct far-field radiation. The corresponding
dynamic coupled mode equations read

d(c)__a’c/‘ .0 (c>+ AC(’Q K2]51+
at\a) " u o 0 7 ])\a A0 0 N5

(1)
(Sl_] (SI+) dl
=C + ¢
Sp— Sp4 d,

where s;,, s;_, and s,  are the incoming, reflected, and
transmitted waves respectively (s,, = 0); A. and A, are the
effective aperture of the cavity, and area of excitation beam,
respectively; u is the intermodal coupling strength; k;, and d, ,
are the coupling with incoming and outgoing waves,

)
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respectively; and scattering matrix C describes a direct
transport process.

Consider a mirror symmetric system we obtain the cavity-
mediated extinction as

2y, A,
1-R-T = d e
(@ = (@ + )" + 1 +7) A 3)
h = Lm0y = *h Bouation 3
where @, =~ PR and y, = R quation

represents a narrowband absorption peak in the vicinity of the
cavity mode, and its Lorentzian line shape is maintained
regardless of resonance frequency detuning. The frequency
shift and line width broadening of the hybrid eigenmode
induced by nanoparticle coupling predicted by TCMT match
exactly with the well-known Bethe—Schwinger cavity pertur-
bation theory.*® The broadband background can be described
by the extinction of solitary antennas. Figure 4B shows the
extinction spectra of a hybrid at different 6, exhibiting good
agreement between our experiments (gray) and analytical
model (red) (the slightly higher experimental background
when 4 < 720 nm corresponds to the onset of Rayleigh
anomaly in the quartz substrate). Here the intermodal coupling
strength y is the only free parameter in the fitting, while all
other parameters are extracted from experiments or simu-
lations (Supporting Information).

Figure 4C exhibits the extinction spectra of hybrid
composites with increasing AuNS surface densities (0.14—
1.4/um?®). A higher density of AuNSs corresponds to a larger
extinction background. Meanwhile, this versatile platform
offers widely tunable resonance line widths while maintaining
enhancements. Interestingly, as the density rises, the 1-R-T
peaks first increase and then decrease, contrary to conventional
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wisdom that more nanoparticles induce higher absorption.
Intuitively, the cavity can be understood as a matching network
for the antenna,”” as it manipulates the antenna’s radiative
damping through mediating the external radiation, and
suppresses the antenna’s absorptive damping through mode
hybridization. Larger AuNS density maps to larger total
plasmonic—photonic coupling y and results in a larger
absorptive damping rate and thus broader resonance line
widths (TCMT fitting shown in Figure S10). The maximum
power transferred to the antenna is obtained via critical
coupling (or conjugate matching), that is, matching the
radiative damping (associated with PCGR Q-factor) to the
absorptive damping (associated with AuNS density). Experi-
ments show a maximum extinction value of 0.4 (Figure 4C
middle panel, density ~0.7 um™2), which can be improved
further by employing a reflector under the cavity.** An
important inference follows that, by using a high-Q cavity, the
maximum absorption will be achieved with very few nano-
particles, so that each nanoantenna delivers a very large
absorption cross section, enabling ultrastrong light—matter
interaction at its hotspots.

The distinct optical excitation pathway is a vital ingredient
for the realization of cooperative plasmonic—photonic
coupling. Opposite to the Fano interference underlying both
EIT and EIA where cavity resonance is the dark mode
providing a backaction onto the bright antenna resonance, here
the narrowband cavity acts as the “bright” resonance that
communicates with the external radiation and mediates the
activation of the “dark” broad-band antenna resonance. It is
insightful to compare our result with an antenna-array-on-
waveguide structure where the AuNSs are periodically
arranged on the surface of an air/TiO,/SiO, slab waveguide
(Figure 4D top inset). This system also supports hybridization
of the plasmonic resonance with the PCGR mode, however
with a different flow of light: light scattered from collective
oscillation of the antenna array subsequently activates the
PCGR in the underneath waveguide (Figure 4D bottom inset).
To allow direct comparisons, we designed the structure to have
the same resonance frequencies as those of the AuNS—PC slab
hybrid. Figure 4D depicts the overlay of the simulated (gray)
and TCMT predicted (red) 1-R-T spectrum of this structure at
[TM, 6, = 2.3°]. The Fano interaction model correctly
describes its hybridization: superimposed on the broadband
antenna resonance, a sharp dip occurs when the cavity and
antenna are on-resonance, and an asymmetric spectral feature
appears when they are detuned. The result is in line with
experimental observations of a very similar structure.”
Therefore, we show that similar building blocks (AuNS and
PCGR) can lead to drastically different coupling scenarios
depending on the order of mode excitation, and an optical
pathway enabling cavity-mediated excitation of an antenna is
indispensable for a cooperative interaction.

In summary, we unambiguously demonstrated strong,
spectrally tunable absorption enhancement in the AuNSs
mediated by a PCGR cavity mode. Our experiments, numerical
simulations, and theoretical model provide a comprehensive
picture of the combination of a cavity’s Q-factor and an
antenna’s mode confinement. We elucidated the physics
underlying the cooperative plasmonic—photonic hybridization,
which includes an optical pathway highlighting the cavity-
mediated excitation of the antenna and a balance between the
cavity’s Q-factor and the antennas’ density. These findings can
be generalized to inspire the synergistic integration of different
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types of cavities and antennas. Complementary to the Fano
interference framework, we opened up a new avenue to
sculpting enhanced light—matter interactions with on-demand
line widths, spectral detuning, and enhancement factors, which
would benefit a broad scope of applications and technologies.
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