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ABSTRACT: Localized surface plasmon (LSP) excitations provide an efficient strategy for
advancing nanophotonic designs and applications where strong field enhancement and
confinement are often required on the nanoscale. They represent an important plasmonic
paradigm for achieving strong light—matter interactions in both linear and nonlinear regimes,
enabling the development of high-performance chemical and biological sensing approaches
and nonlinear optics with low light intensities. However, the LSP resonance line width,
limited by both radiative and resistive losses of metallic nanostructures, is significantly larger
than the line width of the waveguided modes supported by low-loss dielectric microcavities
with a significantly lower field confinement. Hybrid microcavity—plasmonic systems are,
therefore, often used to reduce the resonant line width which improves the detection spectral resolution while maintaining strong
confinement. Employing the remarkable quality factors of whispering gallery mode (WGM) microresonators, the hybrid LSP-WGM
systems demonstrate sensing capabilities down to the single-molecule level. In this Perspective, we review the recent advances in the
hybridization of LSPs and WGMs, focusing on the fundamental understanding of the underlying coupling mechanisms and
corresponding mode hybridization regimes. We further discuss opportunities for applying heterogeneous plasmonic—photonic
integration to tailor the nanoscale light—matter interactions and realize novel waveguide—plasmon coupling based nontrivial
responses and highlight their prospective applications in quantum optics, chiral spin-optics, nonlinear nanophotonics, and sensing.
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F ree electrons in nanostructured metals can be driven by an
electromagnetic field to undergo collective in-phase
oscillation, resulting in the excitation of localized surface
plasmons (LSPs), which strongly enhance the electromagnetic
near-field intensity and far-field scattering. The LSPs can be
well described by the analytical Mie theory or numerical full-
wave electromagnetic simulations.' The LSP-induced near-
field enhancement and confinement within a deep subwave-
length mode volume can boost a variety of linear and nonlinear
optical processes and related applications, including surface-
enhanced Raman scattering, photoluminescence, photothermal
therapy, high-contrast label-free bioimaging, data storage,
harmonic generation, and many others.”™” However, LSPs
undergo dephasing and decay on the femtosecond time scales
and hence exhibit a broad spectral line width, that is, a low
quality-factor (Q-factor),'™"" which is unfavorable and even
detrimental for many nanophotonic applications. Typically, the
LSP spectral line width of individual gold nanoparticles is on
the order of several tens of nanometers in the visible spectral
range.'>' Significant efforts have been made to narrow the
LSP resonance line width by suppressing the radiative damping
in metallic nanostructures. For example, delicate design of
nanoparticle arrays allows coupling of the LSPs of the
constituent particles with the diffraction-induced surface lattice
resonance of the array, thereby shrinking the LSP line width
down to ~5 nm.'* On the other hand, coupling LSPs to a low-
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loss dielectric microcavity makes it possible to achieve hybrid
photonic-plasmonic modes with resonance line widths down to
the subnanometer level." In these hybrid systems, the spectral
line width modification depends on the intrinsic Q-factor of
the cavity resonance mode to which the LSP resonance is
coupled and on their coupling strength.

In the previous studies, optical (micro)cavities, such as
Fabry-Pérot cavities, ' Bragg microcavities,” whispering
gallery mode'® (WGM) resonators, and photonic crystals'”
have been exploited as effective platforms for coupling with
plasmonic nanostructures and reducing the LSP line width.
Typically, these photonic microcavities have high Q-factors™’
and may serve as building blocks for microscale lasers,”’
sensors,”> filters,”*** and so on. Among them, photonic
WGMs, an analogue of acoustic WGMs, ¢ have drawn
considerable attention due to their remarkable Q-factors of
over 10%°”?® The evanescent fields residing at the surface of a
WGM microresonator are highly sensitive to the surrounding
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dielectric environment and provide a sensing platform with an
extraordinary spectral resolution.

The LSP-WGM coupling can be used not only to improve
the LSP resonance line width, but also to modify the overall
optical response of the hybrid system, such as a resonant
frequency, a scattering spectral profile, and so on. On the one
hand, when a hybrid LSP-WGM system is excited via one of its
waveguide eigenmodes, the LSP resonance, invoked through
near-field coupling, in turn modulates the WGM spectral
profile and hence may improve the WGM sensitivity, through
the plasmon-induced near-field enhancement, to tiny variations
in the local dielectric environment, such as the index of
refraction of the cavity material itself or the adsorption of
nanoparticles and biochemical molecules onto the microcavity
surface.”” It has been reported that sensitivity down to the
single-molecule level can be achieved in such LSP-WGM
hybrid systems benefiting from the plasmonic enhancement.*’
Line width broadening and mode splitting of bare WGMs can
also be manipulated through plasmonic coupling.’"** On the
other hand, under the far-field excitation by free-space
illumination, the LSP mode of the hybrid system is first
activated as a base resonance and then modulated by the
excitation of WGMs. Importantly, the resonance spectrum of
the hybrid LSP-WGM system varies nonmonotonically as the
diameter of the WGM microresonator decreases, resulting in a
dominant spectral peak with a line width as narrow as 2
m 33738

In this Perspective, we first introduce the fundamentals of
LSP and WGM resonances and hybrid plasmonic—photonic
systems. We then discuss characteristic optical responses of the
hybrid resonances and elaborate corresponding coupling
mechanisms by using the coupled-oscillator model and a
Fourier transform method. We conclude with the outlook of
further developments of hybrid waveguide—plasmon systems
and highlight potential opportunities for their applications in
achieving complex optical responses required in modern
nanophotonic applications.

B LSP AND WGM RESONANCES

LSP. Metallic nanoparticles (MNPs) with typical sizes larger
or comparable to the metal skin depth support LSPs and
enable the near-field enhancement and extreme confinement of
an incident optical field. Various nanostructured noble metals,
such as gold, silver, platinum, etc.,, in the shapes of spheres,
rods, cubes, triangles, and stars have been fabricated to achieve
a required plasmonic response at the wavelengths ranging from
the UV to the near-infrared.**™*° In addition, metallic core—
shell constructs and nanoparticle assemblies have proven to
sustain more versatile LSP modes and endow more degrees of
freedom in tailoring the light—matter interactions at the
nanoscale.**™*® Typically, the LSP-induced near-field intensity
enhancement for a single MNP, that is, |EI*/|E,|, where E, and
E are the electric field amplitudes of the incoming light and the
local field at the surface of the MNP, respectively, can vary
from ten-folds to thousand-folds, depending on its size and
shape.'”**™ Larger enhancement factors can be obtained by
delicately assembling MNPs into clusters or arrays.””>*Figure
la—d illustrates the electric near-field intensity enhancement
profiles of several classical LSP-resonant metal nanostructures,
exhibiting hot spots with extremely localized near-fields under
the excitation of their dipolar plasmon resonance modes.

The collective electron oscillations, corresponding to the
excitation of LSPs, and the induced near-field enhancement
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Figure 1. Near-field intensity enhancement profiles for (a) a gold
nanosphere,”® (b) a gold nanorod,”" (c) a gold nanoprism dimer,>®
and (d) a silver nanotriangle.52 (e) Refractive index sensitivity of the
LSPs supported by gold nanoparticles with varying aspect ratio.*® (a)
Reprinted with permission from ref 50. Copyright 2012 The Optical
Society. (b) Reprinted with permission from ref S1. Copyright 2011
AIP Publishing. (c) Reprinted with permission from ref 55. Copyright
2009 Nature Publishing Group. (d) Reprinted with permission from
ref 52. Copyright 2016 Nature Publishing Group. (e) Reprinted with
permission from ref 56. Copyright 2016 American Chemical Society.

and confinement near a MNP determines its resonance
frequency sensitivity to the local dielectric environment,
namely, the refractive index of the medium located within
and nearby the near-field hot spot region. Moreover, tailoring
the key geometric parameters of MNPs, for example, the aspect
ratio of gold nanorods, provides easy-to-implement means for
engineering the sensitivity of LSP-based sensors,”® which can
be optimized to reach values up to 1000 nm/RIU (Figure le).

WGM. The optical counterpart of acoustic WGMs was first
observed as a high-Q optical resonance mode in a dielectric
microsphere.”” Upon being coupled to the microsphere, the
light path is bent through the total internal reflection at the
curved dielectric-air boundary, so that the coupled light
recirculates in the structure for a long time.”® When the optical
path of the light accumulated over one propagation cycle
satisfies the condition of constructive interference, that is,
equal to an integer multiple of the light wavelength, a standing
electromagnetic wave can be established along the perimeter of
the microsphere. Spatially, the dielectric microsphere can trap
light typically at a micrometer scale; temporally, its high Q-
factor WGM allows light to propagate in the cavity for millions
of cycles. Such spatial and temporal confinement of light in the
microsphere is accompanied by an intensive evanescent-field
tail outside the curved boundary, which empowers an elegant
platform for investigating many cavity-enhanced physical
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processes, such as cavity quantum electrodynamics and
nonlinear optics, and also for constructing a variety of
photonic devices, such as microlasers and biosensors.””*>*’

The optical WGMs can be supported in a variety of
dielectric microresonators. The fundamental mechanism for
forming WGMs can be intuitively understood in the structures
with the spherical or cylindrical symmetry using the Mie
scattering theory.60 For microstructures of asymmetric geo-
metries or higher-order symmetries, analytical treatment is no
longer feasible, and one has to resort to full-wave numerical
simulations to simulate their field distribution profiles. Q-
factor, which is frequently used to evaluate the merit of WGM
microresonators, is determined mainly by the radiation loss
and materials absorption:**®'

w A
Q = T = =
WpwHM

Apwim (1)

where 7 is the cavity ring-down time, @ (or 1) is the angular
frequency (or wavelength) of the resonant mode, and fwhm is
the full-width at halfmaximum of the resonance. Other
parameters, such as the mode volume, determining the spatial
confinement of optical energy, and the free space range (FSR),
characterizing the spectral distance between two adjacent
resonance peaks, are also used for evaluating a WGM
resonator.

B HYBRID LSP-WGM SYSTEMS

Integrating a plasmonic MNP at the exterior vicinity of a
WGM microresonator forms a hybrid LSP-WGM system,
which is able to harness both resonances for manipulating the
light—matter interaction on the nanoscale. Here, we will
introduce the hybrid LSP-WGM systems under two typical
excitation scenarios: near-fleld excitation and free-space
illumination. In the former case, the MNP in a hybrid system
is regarded as an external perturbation and provides sensitivity
enhancement of the WGMs through the near-field hotspot.*”
In the latter case, the WGM modulates the characteristic
spectral response of the coupled LSP mode and boosts its Q-
factor. The coupled-oscillator model and a Fourier transform
method will be discussed in the following in order to analyze
different coupling regimes between these two resonances.

Near-Field Excitation. In this excitation scenario, the
WGMs are excited by coupling the evanescent wave of a
tapered fiber/waveguide/prism to an adjacent WGM resonator
(Figure 2). When a MNP is placed in the vicinity of the
microresonator, WGM resonance shift, line width broadening,
and mode splitting can be observed. The wavelength shift can
bessestimated by applying the first-order perturbation theory
as’

AL alE(ry)l

472 [e)E@P av Q)

where a and r, are the polarizability and position of the MNP,
respectively. The WGM line width broadening associated with
both absorption and scattering losses introduced by the
coupled MNP can be calculated as®
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Figure 2. (a) Schematic illustration of waveguide-based near-field
excitation of the WGM in a microring resonator and the WGM
resonance shift induced by the adsorption of MNPs.®* (b) The
dependence of mode splitting and line width broadening in the
transmission spectrum of a WGM on the number of adsorbed KCl
nanoparticles, from top to bottom: 0—4.°* (c) Simulated electric field
distributions of (left) symmetric and (right) antisymmetric modes
induced by coupling to a nanoparticle indicated by a black dot.** (a)
Reprinted with permission from ref 63. Copyright 2017 The Royal
Society of Chemistry. (b, c) Reprinted with permission from ref 64.
Copyright 2009 Nature Publishing Group.

Shy _ 4mcngey  lal’lE(xy)P

L3t [emE@P dv @

where n, is the refractive index of the WGM microresonator, ¢
is the speed of light, and €, is the permittivity of vacuum.

Besides inducing extra losses, the presence of a nanoparticle
can also lift the degeneracy of two standing wave modes in a
microresonator, resulting in mode splitting. When light is
coupled into a WGM cavity and travels as a clockwise mode
(CW), it can be scattered by an adsorbed nanoparticle back
into the cavity as a counterclockwise mode (CCW) with a
phase delay compared to the CW mode. Two standing wave
patterns are then formed inside the cavity as a result of the
interference between the CW and scattered-CW (the same
wavelength) and the CW and scattered-CCW (at a longer
wavelength). Notably, the mode splitting and line width
broadening often coexists in the WGM (Figure 2b). Such self-
referenced hybrid system exhibits two distinctive near-field
distribution profiles, corresponding to a symmetric and an
antisymmetric modes of the system, respectively.””** As shown
in Figure 2c¢, the nanoparticle lies in the near-field antinode of
the symmetric mode and at the node of the antisymmetric
mode.

The spectral modulation described above is related to the
interaction between the evanescent-field tail of the WGM and
the nanoparticle in the local environment of the waveguide. It
is also worth noting that the WGM resonant wavelength shift
and line width change (eqs 2—4) are proportional to the local
field intensity, |E(r,)I?, which can be significantly enhanced at
the LSP-induced near-field hot spot. In another words,
hybridization with LSPs is capable of improving the sensitivity
of a WGM microresonator to its environment. For a bare
WGM microresonator (usually with a diameter of tens of
micrometers), the WGM resonance shifts were experimentally
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observed up to 650 fm at the operation wavelength of 1311
nm.”> In the presence of the MNDPs, the hybrid system
exhibited a resonance shift of 4 pm and a fractional wavelength
shift AA/A up to 6 x 107%°° which is over 1 order of
magnitude higher.***>%7~7°

Such hybrid LSP-WGM systems have emerged as a high-
performing label-free sensing platform (Figure 3). Shopova et
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Figure 3. Hybrid LSP-WGM systems under the near-field excitation.
(a) Au nanoshell coupled to a microsphere for PS nanoparticle
detection.”” (b) Au nanorod coupled to a microtoroid for BSA
detection.” (c) Au nanotriangle coupled to a microtoroid for BSA
detection.”" (d) Periodic Au nanoparticles coupled to a microsphere
for virus detection.”> (e) Rough Au nanosphere coupled to a
microsphere for BSA detection.”” (f) Fe nanodisk array coupled to a
microring for bulk refractive index sensing.”* (a) Reprinted with
permission from ref 29. Copyright 2011 AIP Publishing. (b)
Reprinted with permission from ref SI. Copyright 2011 AIP
Publishing. (c) Reprinted with permission from ref 71. Copyright
2015 AIP Publishing. (d) Reprinted with permission from ref 72.
Copyright 2012 The Optical Society. (e) Reprinted with permission
from ref 73. Copyright 2013 American Chemical Society. (f)
Reprinted with permission from ref 74. Copyright 2016 The Royal
Society of Chemistry.

al. demonstrated the capturing and detection of individual
polystyrene (PS) nanoparticles in aqueous environment with a
stationary gold nanoshell, bound to a dielectric microsphere
equator (Figure 3a),” and observed a resonance shift
enhancement by a factor of 4, compared to the WGM without
the MNP. By replacing the gold nanoshell with a gold nanorod
with aspect ratio of 4 (Figure 3b), Swain et al. performed
numerical prediction of a ~870-fold enhancement in resonance
shift for bovine serum albumin (BSA) detection, which is
much higher than the measurement noise arising from time-
averaged frequency and thermal fluctuations.”’ Nadgaran et al.
studied the influence of gold nanotriangles with tunable size
(Figure 3c) on the WGM resonance shift and found an
enhancement factor over 1000 for BSA detection.”' In addition
to single MNPs, Arnold et al. proposed using a periodic array
of gold nanoparticles (epitopes) attached to the equator of
WGM (Figure 3d); this allowed for more binding sites for
capturing analyte and the self-reference induced mode splitting

was observed for detection of viruses.”” With eight viruses
adsorbed on the four epitopes, the mode splitting increased
from 3.5 to ~280 fm, which is larger than the resonance line
width of the hybrid system (195 fm) and can be easily
detected. Further, Dantham et al. reported an extraordinary
enhancement of ~635 in the wavelength shift for detecting
BSA proteins, which was ascribed to the roughness of a gold
nanoshell (Figure 3e).””

Besides detection of particle-like analytes, the hybrid LSP-
WGM systems also exhibit superiority in the bulk refractive
index sensing. For bare dielectric WGM resonators, such as
microrings and microdisks, a typical sensitivity to refractive
index changes of the environment is in the range of 50—200
nm/RIU. In the presence of MNPs, it increases to over 500
nm/RIU.*~""Table 1 provides a detailed comparison of the
sensing capabilities of typical LSPs, WGMs, and hybrid LSP-
WGM systems.

Free-Space Excitation. Plasmonic MNPs can serve as
optical nanoantennas to convert light from propagating to
evanescent waves. Under free-space illumination, the excitation
of LSPs in a MNP can couple the incident light to the WGM
of a nearby dielectric microresonator through near-field
coupling, which provides a more effective and practical
strategy for activation of the hybrid system. In this excitation
regime, the lossy LSP resonance performs as a broadband near-
field source for the WGM, leading to a WGM-modulated
spectral profile of the LSP resonance (Figure 4). By tuning the
dimension of the WGM microresonator or the size, shape and
material of the MNP, the coupling strength between the two
resonances can vary from weak to strong and the Q-factor of
the hybrid mode often exhibits a nonmonotonic variation.”*
For example, an isolated Au nanorod with aspect ratio of ~2.5
shows a broad scattering spectrum centered at ~650 nm with a
spectral line width of ~52 nm. Upon coupling to a microfiber
of 25.4 um in diameter, the broad LSP scattering spectrum was
strongly modulated and features a series of sharp subpeaks,
corresponding to the waveguide modes of different orders
supported by the microfiber (Figure 4b). With a decrease of
the microfiber diameter, the number of supported WGMs
reduces and their FSR increases, resulting in fewer WGM-
modulated subpeaks in the scattering spectrum (Figure 4c).
However, as the microfiber diameter continues decreasing,
anomalously strong line-shape narrowing occurs with an
ultranarrow line width of ~2 nm and a larger FSR of ~43
nm (Figure 4d). This effect has been qualitatively ascribed to
the strong coupling between the two resonances. Similar strong
coupling emergence and line-shape evolution have also been
observed in a system of a Pd nanorod coupled to a silica
microfiber.*

Based on this effect, Zhou et al. demonstrated a multiple-
cavity-based distributed optical humidity sensor through
depositing periodic Au nanorods on a polyacrylamide micro-
fiber.”® The properties of this ultranarrow resonance were also
used in the nonlinear optical regime: in a gold nanorod-silica
microfiber hybrid system,” both the linear scattering and
nonlinear second-harmonic emission spectra exhibit ultra-
narrow peaks, which are promising for nonlinear sensing and
extremely efficient nonlinear light generation from ultrasmall
volumes.

The evolution of a coupling strength can be intuitively
understood considering the lifetimes of WGM and LSPs. The
LSP lifetime of a gold nanorod is much shorter than the single-
cycle dwelling time of a photon in a microcavity with a
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Table 1. Comparison of Q-Factors and Sensing Capabilities of LSPs, WGMs, and Hybrid LSP-WGM Systems

resonant
ref resonator structure wavelength
Khan et al.* Au nanoprism 1030 nm
Martinsson et al.*® Au nanosphere 525 nm
Farooq et al.*’ Au nanorod 589—1603 nm
Au dimeric nanorod 589—1160 nm
Igbal et al.*® microring 1565 nm
Vollmer et al.*® microsphere 763 nm
1311 nm
Lu et al®® microtoroid 680 nm
Zhu et al.** microtoroid 670 nm
1450 nm

Lee et al.*’ wedge disk 1500 nm
Wang et al.** microfiber + Au nanorod 660 nm
Nadgaran et al.”' microtoroid 1500 nm

+ Au nanotriangle
Santiago-Cordoba et al.*®  microsphere 633 nm

+ Au nanospheres
Shopova et al.”’ microsphere 633 nm

+ Au nanoshells
Baaske et al.*° microsphere + Au nanorods 780 nm

Q-factor A or sensitivity detection target
4.1 884 nm/RIU refractive index
7.5 80 nm/RIU refractive index
9.4-13.2 150—772 nm/RIU  refractive index
13-24.4
4.3E4 163 nm/RIU refractive index
6.4ES 10—650 fm single PS bead (200—500 nm)
2.6ES single Inf A virus (90—110 nm)
8E6—1E8 0.5-11 fm single PS bead (25—100 nm); single Inf
A virus
>1E8 15—600 fm single KCI bead (90—320 nm)
single PS bead (70—350 nm)
8.7SE8 NA NA
330 NA NA
3.6E4—1.13E5 10—-26 fm single BSA protein
1ES 2—4 pm BSA proteins
SES 90—-210 fm single PS bead (110 nm)
SE6 2.5 fm single 8-mer 1 oligonucleotide chain
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Figure 4. (a) Schematic illustration of free-space excited hybrid LSP-
WGM system consisting of a Au nanorod and a silica microfiber. (b—
d) Scattering spectra of a Au nanorod coupled silica fibers with
diameters of (b) 25.4, (c) 5.6, and (d) 1.46 um.* Insets show
corresponding SEM images of Au nanorods on microfibers. (a—c)
Adapted with permission from ref 34. Copyright 2015 American
Chemical Society.

relatively large diameter. As a result, the photon energy cannot
be efficiently exchanged between the two resonances and the
weak coupling regime is observed. As the microfiber diameter
decreases, the single-cycle dwelling time reduces to below 100
fs and becomes comparable to the LSP lifetime. Thus, the Au
nanorod can be re-excited by the cavity photons before the
LSPs decay totally. This makes the photon energy store in the
hybrid system longer through mode coupling, and the strong-
coupling regime is reached.

B COUPLED-OSCILLATOR MODEL

To gain an intuitive understanding of the LSP-WGM mode
interaction, we apply the coupled-oscillator model (COM)
working in the classical framework. COM treats the LSP-

WGM coupling as two interacting oscillators coupled together
with a spring (Figure 5a). Adopting this model,””~* the mode
coupling is described by

w; — iyl K o B a
K w, — 1y, (ﬂJ - wi(ﬂ] (3)

where @, and w,, are the frequencies of uncoupled LSP and
WGM resonances, respectively, ¥, and y,, are their decay rates
(i.e., damping rates, resulting in the full width at half-maximum
of 2y, and 2y,,), k is the coupling strength, @ and f§ are the
relative weightings of the LSP and WGM resonances,
respectively, in the hybrid mode, with lal*> + B> = 1. The
diagonalization of above matrix yields two eigenvalues

w; + o,
@ = 1 W

i 2 1 . 2
% 2 —5(71+Vw)i\]’< +Z[6_l(7’_7w)]

(6)
with § = w; — ,, representing the detuning frequency. At zero
detuning (6 = 0), eq 6 yields the mode splitting

Q= /4k* — (- }/w)2 )

which is also called the Rabi frequency. It should be noted that
eq 7 has valid solutions only if

k> ly—vrl/2 (8)

which is the condition of the strong coupling regime. This
condition is achieved in Figure 4c,d since the decreased
diameter of the microfiber renders the decay rate of a WGM
comparable to that of the LSP, that is, ly; — y,| approaches
zero. In contrast, for k < ly; — 7,,/2, the LSP-WGM interaction
is in the weak coupling regime, and the spectral modulation of
a broader resonance rather than a mode splitting is observed
(Figure 4b).

Figure Sb shows the frequencies of the two modes in
different coupling regimes. Far away from the zero detuning,
the frequencies of the hybrid modes are approaching the two
original modes shown by the dashed line. Near the zero
detuning, new hybrid modes at frequencies of w, appear with
characteristic anticrossing behavior (solid lines; the gray
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Figure 5. (a) Schematic of two oscillators coupled with a spring. (b)
Schematics of the energy levels in strong and weak coupling regimes:
the LSP and WGM frequencies (dashed lines) in the absence of
coupling, (solid lines) the coupling behavior, and (gray shadow)
broadening due to the damping. (c) Schematics of the scattering
spectra in various coupling regimes: (left) increasing the value of the
damping rate or line width results in a transition from a Rabi splitting
regime (strong coupling) to a Fano interference regime (weak
coupling), (right) decreasing the value of the coupling constant k
results in a transition from an antiresonance feature in the Lorentzian
spectrum to an asymmetric line shape superimposed on the
Lorentzian spectrum.” (c) Reprinted with permission from ref 85.
Copyright 2014 American Chemical Society.

shadow schematically represents damping). In a weak coupling
regime, the mode splitting is difficult to identify.

To better observe the splitting of the two hybrid modes, the
energy difference should exceed the fwhm of the two modes:

Q>py+y, )

Therefore, the coupling strength and damping rates (or line
widths) of two resonances are key physical parameters that
dictate the nature of mode coupling. In the LSP-WGM
systems, the coupling strength depends on how fast and
efficient the energy exchange is between the evanescent fields
of the WGM resonator and the local field of the nearby MNP.
Strong coupling can be achieved with not too lossy WGM and
LSP resonances where both conditions (eqs 8 and 9) are
satisfied and can easily be spectrally observed in the peak
splitting of the scattering spectrum.”®"*

Figure Sc illustrates a gradual transition from a strong
coupling regime, described by Rabi splitting, to a weak
coupling regime, described by the Fano interference, for two
interacting modes. It should be noted that in the latter case,
one of the coupled modes has a broad line width and the other
has a narrow one, breaking the condition of eq 8. Fano
interference occurs in the far field and results in the spectral

profiles with asymmetric line shapes due to phase shift between
two modes."> A typical observation of such Fano interference
is illustrated in Figure 6, where the evolution of constructive
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Figure 6. (a) Schematic of coupling between a Au nanorod and a
microtoroid. The LSP of the nanorod is excited by the far-field
illumination and coupled to a WGM. (b) Experimental spectra fitted
with Fano lineshapes when the WGM resonant frequencies (from left
to right) are smaller, near to, and larger than the LSP frequency.15 (a,
b) Adapted with permission from ref 15. Copyright 2016 Nature
Publishing Group.

and destructive interferences is exemplified by three types of
line shapes.'> Notably, Fano dips, which often occur in the
weak coupling regime, should not be mixed up with the Rabi
splitting even if they have similar spectral line shapes (e.g,
Figures Sc and 6b).

B FOURIER-TRANSFORM METHOD

The COM can provide a phenomenological description of the
influence of mode coupling on the resonance evolution. The
key fitting parameters, such as the coupling strength, eigen-
frequency and damping coefficient of each mode, were used to
obtain the absorption or scattering spectra of the hybrid
systems under either near-field excitation or free-space
illumination. However, the exact description of a line shape
based on geometric and optical parameters of the hybrid
system is less satisfactory reproduced in COM.">**** We now
introduce a semianalytical model, in which the Fourier
transformation of time-domain electric field distribution is
used in order to evaluate the line width changes in different
coupling regimes. In this model, we consider the LSP as a base
resonance and the WGM cavity as a time-domain modulation
of the LSP. This method was developed for description of the
far-field excitation of the hybrid system, for which a strong
coupling regime was often demonstrated.

The LSP spectrum can be found from the Fourier
transformation of the local electric field of an individual
MNP that can be directly obtained from the FDTD
simulations:

IF{E'(t)}I* =

2 IFEO)F

i=x,y,z (10)

where E,(t) denotes the electric field components, with i = x, y,
and z. The WGM time-domain electric field components can
be generally expressed as

E'(t) = Ae™™" (11)
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where y, denotes the decay rate of WGM and A; is the
amplitude of the WGM electric field components. However, in
a hybrid nanoparticle—microcavity system, additional phase
shift (A¢y) and cavity elongation (Ad) need to be taken
account, induced by the presence of a MNP, so that

. wnlAd .
E'(t) = Aie—}'W'te_'(A(’l'NI+ c )= Aie_}'w'te_’M' (12)

where n is the refractive index of the WGM cavity, @ is the
angular frequency at the resonance, ¢ is the speed of light in
vacuum, and we combined the additional phase shift and cavity
elongation by introducing a total phase change Ag.

The total electric field of the hybrid system is then

E() = Ei(0) + 3 EM(NT)-Ele - NT)
N=1 (13)

where T is the single cycle dwelling time. The scattering
spectrum can be obtained through the Fourier transformation
of the total electric field Y., .E(t).

The electric field components of the hybrid LSP-WGM
system with parameters T = 22.8 fs and y,, = 5 X 102 Hz are
shown in Figure 7a, representing the superposition of the
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Figure 7. (a) Electric field components of the hybrid LSP-WGM
system obtained from eq 13. The original LSP electric field
components are extracted from the FDTD simulation. (b) The
dependence of the calculated line width on a diameter variation of the
WGM cavity. The refractive index is n = 1.45. The quality factors used
for calculating the decay rates are extracted from ref 30: T = 15.2 fs
and y, = 4.5 X 10" Hz for D = 1 ym; T = 22.8 fs and y,, = 3.2 X 10"
Hz for D = 1.5 ym; T = 30.4 fs and 7,, = 1.45 X 10** Hz for D = 2 um;
T=38fsand y, = 4.8 X 10 Hz for D = 2.5 um; T = 45.6 fs and ,, =
1.6 X 10" Hz for D = 3 um; T = 53.1 fs and y,, = 4.46 X 10'> Hz for D
=3.5um; T = 60.7 fs and y,, = 2.32 X 10" Hz for D = 1.5 um. Inset:
(red line; scale 0—150 fs) time-domain electric field of the hybrid
system and (blue line) the Fourier transformed scattering spectra for
the indicated diameters. (c, d) Fourier transformed scattering spectra
of a WGM cavity with D = 1.5 ym and 7,, = § X 10> Hz for the phase
modulation (c) A¢ = 0 and (d) A¢p = + 7/2.

electric fields with cavity decay after every cycle. Based on this
approach, the line width evolution of the hybrid LSP-WGM
system is illustrated in Figure 7b. Here, the single-cycle
dwelling time and the decay rate for a WGM cavity with a
diameter of D are calculated from T = nzD/c and y,, ® @/Q,
respectively. All the parameters used in the calculations are

extracted from ref 34 for direct comparison. However, the
remarkable line width narrowing observed in the experiment in
Figure 4d was not obtained for D = 1.5 um (Figure 7b). Only
if a less lossy WGM is considered, a line width of 2 nm can be
achieved for a decay rate of y,, = S X 10'* Hz (Figure 7c),
which is over 1 order of magnitude lower than the
experimental data (y,, = 3.2 X 10" Hz) for the WGM cavity
with this diameter. Nevertheless, this model describes the
asymmetry feature of the LSP-WGM modes observed in ref 34
(Figure 7d) and reveals how the phase change A¢ affects the
symmetry of the spectral line shape without influencing the
resonance positions, mimicking the asymmetry factor of the
Fano line shape.

B OUTLOOK

Benefiting from the ultrahigh Q-factor of WGM:s and the LSP-
induced local near-field enhancement and confinement, hybrid
LSP-WGM systems exhibit versatile optical properties. The
spatially overlapping near fields and mode energies exchange
dynamically, ensuring strong sensitivity to surroundings with
pronounced resonance shift and line width variation. Two
excitation strategies, that is, near-field (WGM excitation
through a nearby waveguide) and far-field (i.e., free-space
excitation of LSP), have been widely studied in terms of their
characteristic spectral responses, including mode shift, mode
broadening, mode splitting, profile modulation, and anomalous
line width narrowing. Two descriptions of the hybrid systems
based on a coupled oscillator model, applicable for both
excitation regimes, and the Fourier transform method,
applicable only to free-space excitation, were discussed. The
underlying coupling mechanisms and transition from weak to
strong coupling regime in a hybrid system have been well
understood through the COM model. The details of the hybrid
mode formation can be revealed using the Fourier transform
method.

While various sensing and detection applications have been
investigated in hybrid LSP-WGM systems, we have identified
three main challenges requiring further considerations. First,
although the sensitivity of a hybrid system can be improved up
to 1 order of magnitude, the limit of detection is restricted by
the noise induced by the LSP radiative loss. In the strong
coupling regime, the electric field is redistributed due to the
coupling effect, which reduces the leakage loss and significantly
improves the Q factor. However, a Q-factor of the coupled
system is still smaller than that of the isolated microresonators
with large diameters (which can be over 108).262789 Advancing
materials and structure designs for hybridization with WGMs is
imperative in order to achieve lower losses and stronger field
confinement, for example, through the use of MNP dimers,
trimers, nanocavities, and self-assembled constituents.”®~"*

Second, the field confinement induced by MNPs strongly
reduces the active sensing area of a microresonator. Compared
to the mode volume of the hybrid system, which is primarily
determined by a WGM resonator, the region with the LSP
enhanced fields is vastly limited. Though hybrid systems with
multiple MNPs alon; the equator of the WGM resonator have
been investigated,m 295 deposition/adsorption of MNPs with
high accuracy and density is still very challenging. Top-down
fabrication combined with bottom-up growth may help in this
respect.%’97

Finally, the line width narrowing and side-mode suppression
in the strong coupling regime are not well described in the
existing models with realistic parameters. Corrections to the
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models introduced here or development of new models with
higher conformity and not requiring fitting parameters are
required for designing new applications of LSP-WGM hybrid
systems.

Nevertheless, by exploiting the ultrasmall mode volume V of
LSPs and the extremely high Q-factor of WGMs, the hybrid
nanophotonic systems provide an intriguing platform for
exploring nontrivial optical responses, including nonlinear
optics, chirality and non-Hermitian physics (Figure 8). As the
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Figure 8. Schematics of LSP-WGM hybrid platforms for (a)
ultrastrong coupling regime with high Q-factor and small mode
volume V (top), and SHG and high-harmonic enhancement
(bottom), (b) spin—orbit interaction induced chiral routing (top)
and chiral sensing (bottom), (c) non-Hermitian sensing near
exceptional points (top) and non-Hermitian lasing with chiral
modes (bottom).

interaction between a quantum emitter and a photonic mode
can be enhanced in such hybrid LSP-WGM systems, it may be
possible to design a single-photon frequency combs by
exploiting the ultrastrong coupling between an array of
super-radiant quantum emitters and the hybrid resonant
system. Introducing structural asymmetry to the WGM
microcavity may induce enhanced second-harmonic generation
(SHG). Other nonlinear optical processes can also benefit
from strong field enhancement and narrow and controllable
resonances of the hybrid systems.*>”*

Photonic spin—orbit interaction (SOI) harvests a transverse
spin at the boundaries of a WGM cavity, providing additional
degrees of freedom for manipulating light-matter interactions
in a LSP-WGM system. For CW and CCW propagating waves
in a WGM cavity, the transverse spin flips the sign due to a
spin-momentum locking,”” which can be coupled to the LSP
spin states, determining directional polarized scattering.'”’
Alternatively, selective excitation of CW or CCW modes can
be achieved using a chiral MNPs under the excitation of
circular polarized light.'”"'%* By placing quantum dots or
molecules in the gap between MNPs and a WGM cavity, chiral
quantum routing or chiral sensing can be realized."”> SOI
effects can also be used together with novel chiral materials,
such as 2D materials with chiral excitons, for development of
valleytronic devices with nonreciprocal functionalities.'**'*

The difference in the fwhm’s of CW and CCW WGMs
induced by MNPs provides a foundation for studying non-
Hermitian local sensors.'’° Specifically, molecules attached to
the surface of a MNP introduce a perturbation (€) of the
system and, therefore, a frequency splitting Af o lel'N for the

Nth order of exceptional points (EPs).'”” By adjusting the
system to operate near EPs, the frequency splitting can be
sufficiently enhanced. Such a sensor is expected to be more
selective and sensitive for detecting small molecules. Although
the noise in detection may offset the enhancement in
frequency splitting for EP sensors under small perturbations,
the sensing precision (ie, signal-to-noise ratio) can be
improved, for example, if operating near the lasing thresh-
old."?*'*” In addition, employing the missing dimension of
EPs, non-Hermitian lasing might be achieved in a hybrid
system by harnessing directionality of the waveguide mode and
the exciting light. This also generates novel chiral modes and
opens up a new avenue for developing new light sources for
photonic integrated devices.''”""" The tale of two resonances
continues.
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