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1. Introduction

Optical microcavities, capable of con-
fining and manipulating light in a rela-
tively small volume with high-quality 
factor, have gained considerable attention 
ranging from fundamentals in enhanced 
light-matter interactions to advanced 
sensing and lasing applications.[1–12] 
Based on the confinement mechanism, 
optical microcavities can be categorized 
into Fabry–Pérot, photonic crystal, and 
whispering-gallery-mode (WGM) type 
cavities. Among them, WGM microcavi-
ties confining light by total internal reflec-
tion can achieve high-quality resonances 
greatly pushing the development of cavity 
quantum electrodynamics, nonlinear 
optics, quantum optics, and non-Hermi-
tian photonics.[13–16]

To further enhance the electric field 
strength in WGM cavities, plasmonic 
nanostructures have been introduced, 
which are referred to as optoplasmonic 
WGM microcavities.[17] Plasmonic modes, 
including surface plasmon polaritons or 
localized surface plasmon resonances 
(LSPRs), are well known for deep subwave-
length confinement and strong near-field 

Optoplasmonic whispering-gallery-mode (WGM) microcavities, consisting 
of plasmonic nanostructures and optical microcavities, provide excellent 
platforms for exploring fundamental mechanisms as well as facilitating 
novel optoplasmonic applications. These integrated systems support 
hybrid modes with both subwavelength mode confinement and high-
quality factor which do not exist in either pure optical WGM microcavities 
or plasmonic resonators. In this progress report, geometric designs and 
fabrication strategies of optoplasmonic microcavities, which efficiently 
bridge the interaction between resonant light and plasmonic resonances, 
are reviewed in detail. Three types of hybrid modes in the optoplasmonic 
microcavities, that is, surface-plasmon-polariton whispering-gallery modes, 
hybrid photon–plasmon whispering-gallery modes, and heterostructured 
metal–dielectric whispering-gallery modes, are considered. These modes 
are characterized by a largely enhanced evanescent field that is referred 
to as a plasmon-type field in hybrid whispering-gallery modes. Moreover, 
the coupling effect between localized surface plasmon resonances and 
whispering-gallery modes is summarized. The underlying coupling mecha-
nisms and their influence on mode shifts, Q factor, mode splitting, and line 
shapes of the whispering-gallery modes are discussed. Applications based 
on optoplasmonic WGM microcavities including enhanced sensing, nano-
lasing, and free-space coupling are highlighted, followed by an outlook of 
the opportunities and challenges in developing large-scale on-chip inte-
grated optoplasmonic systems.
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enhancement effects.[18–21] However, the large imaginary part of 
the material permittivity in noble metal media, such as Au, Ag, 
Cu, etc., causes large absorption losses by the plasmonic reso-
nances. The combination of plasmonic nanostructures with 
dielectric WGM microcavities, on one hand, secures the sub-
wavelength-scale mode volume in plasmonic modes together 
with the strong near-field enhancement. On the other hand, the 
absorption loss of metal nanostructures is compensated by the 
dielectric WGM microcavities which provide low-loss storage of 
the optical field.

Over the past decade, optoplasmonics in hybrid systems 
consisting of metallic nanostructures (e.g., thin films, 
nanorods, and nanoparticles) and WGM microcavities (e.g., 
microtoroid, microdisk, and microtube) have been extensively 
investigated.[22–26] The hybrid integration provides an excellent 
platform not only for exploring novel photon–plasmon modes 
that cannot exist in either pure WGM cavities or plasmonic 
nanoresonators, but also for efficiently bridging the interaction 
between resonant light and plasmonic resonances. In this pro-
gress report, hybrid micro- and nano-structured optoplasmonic 
WGM microcavities are introduced in Section  2, where geo-
metric designs and fabrication strategies are reviewed in detail. 
In Sections  3–5, three types of resonant modes supported by 
optoplasmonic WGM microcavities are discussed, that is, 
surface-plasmon-polariton (SPP) WGMs, hybrid photon–
plasmon (HPP) WGMs, and heterostructured metal-dielectric 
(HMD) WGMs. These modes are characterized by the largely 
enhanced evanescent field that is referred to as plasmon-type 
field with promising features for light-matter interactions and 
related applications. In Section 6, we review the coupling effect 
between LSPRs and WGMs, which causes mode shifts, quality 
factor changes, mode splittings, and line shape deformations 
to occur in the hybrid microcavities. In the final section, appli-
cations based on optoplasmonic WGM microcavities are high-
lighted, followed by an outlook and a discussion of the applica-
tion potential of large-scale on-chip integrated sensors, lasers, 
and photonic communication components.

2. Configurations and Fabrications

2.1. WGM Microcavities

Over a hundred years ago, Lord Rayleigh introduced the term 
“whispering gallery” mode to describe sound waves propa-
gating along the gallery surface of St Paul’s Cathedral.[27] For 
the photonic counterpart, however, it took some more time 
until advanced micro- and nanofabrication technologies were 
developed. Quality (Q) factor and mode volume are two main 
parameters to judge the optical performance of a WGM micro-
cavity. The Q factor is defined as the ratio of the energy stored 
in the oscillating cavity to the energy dissipated per cycle by 

damping processes, which can be expressed by ,0
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where λ0 is the central wavelength of a WGM, λw is its full-
width-half-maximum, ω is the angular frequency, and τ is 
the decay time for the stored energy. In general, a higher Q 
factor indicates a longer photon resonating time, allowing for 
enhanced light-matter interactions. An optical microcavity with 

a Q factor ranging from 103 to 106 is considered a high-Q cavity, 
while that with a Q factor > 107 is referred to as an ultrahigh-Q 
cavity.[1] The mode volume describes the ability to confine the 
trapped light within a certain volume in the spatial domain of 
an optical cavity. It is defined as the ratio of the stored energy 
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where ε(r) is the optical permittivity of the cavity material and 
|E(r)|2 is the electric field. A small mode volume implies a 
highly localized optical field which can efficiently mediate the 
interaction between light and matter.

Several types of optical WGM microcavities have been 
exploited. According to their geometry, they can be classi-
fied as microspheres, microbottles, microdisks, microtoroids, 
microrings, and microtubes (Figure  1a). In the early stage, 
silica capillaries or telecom fibers were adopted to fabricate 
microspheres, microbottles, and microtube cavities because 
of the low cost and simple fabrication approach.[28–33] For 
instance, by melting the tip of a capillary or fiber using CO2 
laser fusion or a gas flame, surface tension forces creates cavi-
ties of spherical shape. Thanks to the extremely low optical loss 
enabled by smooth surfaces and low-loss materials, a Q factor 
as high as 109 was achieved.[34] In addition, the microsphere 
cavities can support very complicated high-order WGMs with 
equatorial, radial, and polar field dependence. Another trick 
called “heat-and-pull” has been applied to prepare microbottle 
cavities, which experience a diameter gradient along the cavity 
axis.[35,36] Resonant light oscillates along the cavity axis forming 
3D WGMs with ultrahigh Q factors together with convenient 
wavelength tunability.[35–37]

Along with the recent development of top-down micro- and 
nanofabrication technologies, on-chip integrated semicon-
ductor microcavites have been manufactured.[38–43] In 1992, 
S. McCall et  al. exploited lithography techniques to prepare a 
microdisk cavity using the InP/InGaAsP system and demon-
strated WGM lasing with a low threshold for the first time.[38] 
To further improve the Q factor, various etching methods, 
for example, reactive-ion-beam etching, inductively coupled 
plasma reaction ion etching, chemically assisted ion-beam 
etching, wet etching, have been developed to decrease the 
scattering loss induced by the imperfections on the semicon-
ductor cavity surface.[40,43] In recent explorations, lithium-
niobate-on-insulator (LNOI) microdisks have been prepared 
using chemo-mechanical polish lithography.[44] High-Q lasing 
modes were realized which hold great potential in future low-
loss large-scale photonic integration for optical communica-
tions and information processing.[45,46] Furthermore, different 
boundary shapes of a microdisk were investigated to enhance 
the mode confinement in the cavity. It has been demonstrated 
that a wedged-shaped edge with isolated modes from the disk 
perimeter could largely reduce the scattering loss.[47] A micro-
toroid cavity, fabricated by deforming the sharp edge surface to 
a toroid surface with a CO2 laser has reached an ultra-high Q 
factor in excess of 108.[48]

Microring cavities, compatible with complementary metal-
oxide semiconductor (CMOS) micro-and nanofabrication 
technologies, have great prospects in next-generation optical 
communication networks and optofluidic chips.[49,50] In par-
ticular, vertical microring cavities, fabricated by rolled-up 
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nanotech,[51–53] possess ultra-thin cavity walls down to 150 nm, 
enabling strong evanescent field coupling to on-chip wave-
guides, highly sensitive label-free optical sensing performance, 
and enhanced light-matter interactions.[26,54–64]

2.2. Plasmonic Nanostructures

For the plasmonic counterpart, rather than dielectric materials, 
noble metals such as Ag, Au, Cu, Al, etc., with various geom-
etries and sizes have been investigated.[21] Surface plasmons 
originate from collective electron oscillations located at the 
interface between a metal surface and a dielectric under exci-
tation. When using light excitation, the coupling between the 
incidence and surface plasmons gives rise to SPPs or LSPRs 
depending on the geometry of the metallic nanostructures. Due 
to the combination of electrons and photons, SPPs and LSPRs 
provide high localization and strong confinement regardless 
of the diffraction limit of light. However, the huge absorption 
loss of noble metals severely reduces the Q factors of plasmonic 
resonators, which are generally smaller than 100. To address 
this issue, great efforts have been devoted to find novel material 
systems and advanced synthesis techniques towards low-loss 
metallic nanostructures.[65–68]

SPPs, existing at continuous or periodic metal surfaces, 
for example, planar films, gratings, and nanohole arrays, 
are confined modes in the form of traveling waves with sub-
wavelength mode volume at the metal-dielectric interface 
(Figure  1b). The propagation wavevector of SPPs is larger 
than the incident light in free space, so that momentum 
transfer enabled by certain coupling techniques, such as prism 
coupling and grating coupling, are required for the SPPs 

excitation. In addition, using an optical probe of the scan-
ning near-field optical microscope as a special point source 
provided local excitation and propagation visualization of 
SPP waves.[69,70] Due to excellent field confinement, SPPs are 
considered as one of the most promising candidates for con-
structing subwavelength photonic devices, for example, inter-
ferometers, waveguides, nanolasers.[71,72]

Unlike SPPs propagating on metal-dielectric interfaces, 
LSPRs are strongly localized by metal nanostructures, for 
example, nanospheres, nanodisks, nanorods, nanowires, etc 
(Figure  1c). The working wavelength of LSPRs ranging from 
ultraviolet to near-infrared is tunable by materials as well as 
geometric size. For instance, aluminum is an excellent plas-
monic material in the UV and blue spectral range, while silver 
is suitable for blue to green light and gold is used from red to 
near-infrared. Generally, LSPRs continuously red-shift as the 
size of the nanostructures increases. The fundamental mode 
of LSPRs is referred to as a “dipole” mode oscillation in which 
the strongly scattered field near the plasmonic nanostructures 
acts as a dipole emission. As for complex or coupled plasmonic 
nanostructures, hybridization models and numerical simula-
tions have been carefully studied to solve the resonance condi-
tion.[73] Over more than three decades, LSPRs have successfully 
served for surface sensing, enhanced photocatalysis, and photo-
chemistry as well as in photothermal and photovoltaic devices 
and plasmonic nanolasers.[74–80]

2.3. Optoplasmonic WGM Microcavities

In very recent studies, the combination of plasmonic nano-
structures and photonic dielectrics has led to a good balance 
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Figure 1. Optical WGM microcavities and plasmonic nanostructures. a) Representative electric field distributions of a WGM in an optical WGM micro-
cavity. i–vi) Schematic diagrams of a microsphere, microbottle, microdisk, microtoroid, microring, and microtube cavity, respectively. b) Representative 
electric field distribution of SPPs at the metal-air interface. i–iii) Schematic diagrams of a metallic nanofilm, nanograting, and nanoholes, respectively. 
c) Representative electric field distribution of an LSPR in a metallic nanosphere. i–vi) Schematic diagrams of a metallic nanosphere, nanodisk, nanorod, 
nanowire, nanotriangle, and nanocube, respectively.
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between confinement and absorption loss.[81–89] As such, 
enhanced light-matter interactions sit at the core of hybrid 
optoplasmonic systems for the development of novel nano-
photonic devices for sensing, light emission, and information 
processing, etc.[81,83,87,89] Photonic crystals, Fabry–Pérot cavities, 
photonic waveguides, and optical fibers have been integrated 
with plasmonic nanostructures, previously.[81–83,86,88,89] How-
ever, WGM microcavities offer several significant advantages 
such as ultrahigh Q and fabrication simplicity, which has ena-
bled realizations of hybrid modes and the coupling effect in 
optoplasmonic WGM microcavities with respect to the under-
lying physical mechanisms and experimental advances towards 
new application scenarios. By simply coating a continuous 
metal thin film onto the microcavity surfaces via physical 
vapor deposition, SPP-coupled WGM microcavities have been 
experimentally fabricated and investigated recently.[22] For the 
LSPR-coupled WGM microcavities, the size mismatch between 
plasmonic nanostructures and optical microcavities inevitably 
brings difficulties for the integration. In recent publications, 
tremendous efforts have been devoted to addressing this issue.

Advanced micro- and nanofabrication technologies through 
photolithography, electron beam lithography, dry etching, wet 
etching, etc., allow direct and precise integration of metal nano-
structures into WGM microcavities.[90,91] Chen et  al. adopted 
electron beam lithography and reactive ion etching to precisely 
pattern gold nanoantennas onto microring cavities (Figure 2a).[90] 
The controllable placement of broadband plasmonic nanoan-
tennas onto the narrowband photonic modes leads to selective 
LSPR–WGM coupling. Because the radiating dipoles of plas-
monic nanoantennas are in the opposite phase with the optical 

field of WGMs, the far-field scattering is effectively suppressed, 
as sketched in Figure  2b. This concept of strategically placing 
nanoantennas on desired positions in WGM microcavities pro-
vides ample freedom to manipulate light in complex on-chip inte-
grated nanophotonic devices, for example, to define and select 
which resonances or groups of resonances are to be coupled. In 
addition, enhanced light-matter interactions, for example, emis-
sion enhancement from single emitters through the large coop-
erative Purcell effect have been demonstrated as well in a plas-
monic-nanoantenna-integrated WGM microdisk cavity.[91]

Templated self-assembly combined with micro- and nano-
fabrication technologies provides a facile strategy to predefine 
WGM microcavities and plasmonic nanostructures for effi-
cient integration.[26,92–94] Reinhard’s group has developed an 
approach for “trapping” microsphere cavities using a template 
of metal-nanoparticle-tipped pillars.[92] The template was firstly 
introduced by standard micro- and nanofabrication technolo-
gies including electron-beam lithography, physical vapor depo-
sition, lift-off, and reactive ion etching. In the subsequent step, 
the generated binding sites were filled with dielectric micro-
sphere cavities via convective self-assembly of an aqueous solu-
tion of polystyrene spheres. Finally, the immobilization of the 
microsphere in the vicinity of the metal-tipped pillar completed 
the template-guided self-assembly, as shown in Figure 2c.

In our recent work, we have fabricated plasmonic nanogaps 
by depositing a gold nanofilm onto vertical nanosteps formed by 
spirally rolled-up microtube cavities.[26] As shown in Figure 2d, 
a vertical nanogap is visible from the cross-sectional image of a 
gold-coated microtube, which supports LSPRs with enhanced 
near field properties (inset of Figure  2e). The position of the 
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Figure 2. Integration and configuration for LSPR–WGM coupling. a) SEM image of a plasmonic-nanoantenna-integrated WGM microring cavity.  
b) Nanoantenna arrays located on cavity wall of a microring for the modulation of cavity WGMs. (a,b) Reproduced with permission.[90] Copyright 2018, 
American Chemical Society. c) SEM images of optoplasmonic WGM cavities containing microspheres and nanopillars (with gold tip). Reproduced with 
permission.[92] Copyright 2012, American Chemical Society. d) SEM image of the cross-section of a rolled-up microtube cavity. Inset shows a nanostep 
located at the edge of the rolled-up nanomembrane. e) Simulated mode profile of a WGM confined inside the ring trajectory. Inset shows the simulated 
intense near-field of an LSPR supported by gold nanogaps. (d,e) Reproduced with permission.[26] Copyright 2016, American Physical Society. f) SEM 
images of a silver-coated microtube cavity. The left bottom shows the area dewetted by a laser beam, in comparison to the right bottom without laser 
dewetting. Reproduced with permission.[57] Copyright 2018, American Chemical Society.
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plasmonic nanogaps has been conveniently tuned by depos-
iting the gold nanofilm onto the nanosteps at different orienta-
tion angles, by which a selective coupling between axial WGMs 
and vertical LSPRs was realized.

Micro- and nano-manipulations implemented by a scanning 
probe or a glass capillary with a sharp tip are efficient to precisely 
place nanoobjects at a desired position. This approach has been 
exploited for the demonstration of metamaterial-based hyper-
lenses in the visible spectral range, tailored light-matter coupling 
in single-nanoparticle-coupled photonic crystals, and dynamic 
tuning of resonant modes in microtube cavities.[86,95,96] Micro- 
and nano-manipulations provide excellent flexibility and non-
deconstructivity. In our recent work, a silver-nanoparticle-coated 
capillary tip (with a diameter of ≈1 µm) was mounted onto a piezo 
nano-manipulator to interact with the WGMs in a microtube 
cavity.[97] By precisely controlling the position of a plasmonic tip 
on a microtube cavity, competition and transition between dielec-
tric–dielectric and plasmon–dielectric coupling were observed. In 
addition, the selective coupling between LSPRs supported by the 
capillary tip and axial optical WGMs in the microtube cavity has 
been achieved by shifting the tip along the tube axis.

Random assembly of plasmonic nanoparticles on WGM 
microcavity surfaces is a convenient and low-cost approach 
to create optoplasmonic cavities and study LSPR–WGM cou-
pling.[98–106] Chemically synthesized metallic nanoparticles in 
solution were adsorbed on the dielectric cavity by simply drop-
casting or immersing the cavity into the solution. The binding 
strength was set by adjusting the pH of the aqueous environ-
ment to obtain an irreversible nanoparticle adsorption pro-
cess.[98] Single-plasmonic-nanoparticle-integrated WGM micro-
cavities were produced by diluting the solution to an extremely 
low concentration, which has negligible absorption and scat-
tering losses. Very recently, plasmonic enhancement causing 
spectral shifts of the cavity modes has improved the sensing 
performance of detecting single nanoparticles, viruses, pro-
teins, nucleic acid interactions, and ions.[98,99,105–107]

Physical vapor deposition has also been applied to prepare 
metallic nanoparticles that are randomly assembled on WGM 
microcavities. For instance, aluminum, gold, and platinum nan-
oparticles were directly deposited on hexagonal ZnO microrod 
microcavities by radiofrequency magnetic sputtering.[108–111] 
Significant enhancement of laser intensity has been experimen-
tally demonstrated due to charge transfer and efficient coupling 
between ZnO WGMs and metallic surface plasmons. The excel-
lent stability and improved emission properties imply the great 
potential of this facile preparation strategy in manufacturing 
high-efficiency optoplasmonic devices.

Randomly distributed plasmonic nanoparticles, however, expe-
rience poor spatial controllability and accuracy. It is therefore of 
great importance to develop in situ fabrication protocols to place 
metallic nanoparticles at desired positions on an optical micro-
cavity surface. This approach is also expected to provide better 
mechanical stability in a reproducible and location-selective 
fashion. Recently, our group has reported a laser-driven method to 
in situ generate plasmonic nanoparticles on silver-coated micro-
tube cavities (Figure 2f).[57] Plasmonic nanoparticles were gener-
ated by laser annealing at a spot area of ≈ 2 µm2 on the silver 
nanofilm. LSPRs supported by the nanoparticles were optimized 
by adjusting the silver film thickness and annealing conditions. 

Unlike in previous works where metallic nanoparticles were ran-
domly distributed on the cavity surface with poor controllability, 
the position of silver nanoparticles in this work was precisely con-
trolled by simply positioning the laser beam. In this way, spatially 
resolved coupling between LSPRs and optical WGMs could be 
achieved. The in situ fabrication technique provides a simple but 
efficient way to manipulate photon–plasmon coupling in hybrid 
optoplasmonic systems which are of high interest for nanopho-
tonic tuning and enhanced light-matter interactions.

3. Surface-Plasmon-Polariton (SPP) WGMs

Due to the short propagation length of SPPs which is con-
strained by the large absorption in metallic materials, it is 
difficult to realize WGMs based on SPPs. Nevertheless, the 
first trial of combining dielectric microcavities with plasmonic 
nanostructures taken by R. Cole et  al. has successfully dem-
onstrated the evolution from traveling SPPs to confined SPP 
WGMs.[112] The hybrid structure was constructed by embedding 
dielectric microspheres into flat gold films (Figure 3a,b). When 
the encapsulation depth was small, delocalized propagation of 
SPPs was observed in the reflectivity spectra shown in Figure 3a 
where the mode energies varied with the incident angle of the 
excitation light. As the gold layer thickness increased, the SPPs 
turned into discrete nondispersive modes which were strongly 
confined by the individual microsphere embedded in the gold 
layer forming SPP WGMs (Figure  3b). However, the Q factor 
of SPP WGMs was lower than 100 due to large optical losses 
which are mainly caused by large absorption in the relatively 
thick metal layer as well as radiative scattering at the small-
sized dielectric microspheres (with diameters of 0.4–1 µm).

Utilizing ultrahigh-Q dielectric microcavities as tem-
plates have been an efficient approach to realize high-Q SPP 
WGMs.[22,23,113,114] In a silver-coated silica microdisk, B. Min 
et  al. experimentally obtained SPP WGMs with Q factors 
exceeding 1000.[22] The microdisk cavity with a sharp wedge 
structure (Figure  3c) guaranteed a remarkably low scattering 
loss so that Q factors up to 107 have been routinely achieved 
for pure dielectric WGMs. This type of microdisk is thus an 
ideal template to compensate for the absorption loss when inte-
grating metallic structures. As shown in Figure 3c, a conformal 
silver layer was smoothly deposited on the microdisk surface 
which can support low-loss surface propagation of plasmonic 
modes on the beveled edge. A transmission spectrum of the 
SPP WGMs (Figure 3d) was measured under phase-matching 
conditions by a tapered fiber which was positioned underneath 
the beveled edge of the microdisk (sketched in the right panel 
of Figure 3c). To verify the mode character, a full vectorial finite-
element analysis was performed, and the field distribution of 
an SPP WGM, as well as the dielectric mode for comparison, 
is shown in the inset of Figure 3d. It is notable that the mode 
is strongly localized at the silver–silica interface, which was 
therefore referred to as “internal” (IN) plasmonic WGM.

Cavity-related applications rely on the evanescent field pen-
etrating into the outer surrounding medium. It is therefore 
interesting to realize “external” (EX) plasmonic WGMs located 
at the outmost surface of metal-coated microcavities. Y. Xiao 
et al. studied a silver-coated microtoroid cavity in which EX SPP 
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WGMs were theoretically demonstrated.[23] This kind of surface 
mode possesses high Q factors at room temperature, and the 
calculated mode index indicated that the EX SPP WGMs could 
be efficiently excited by a tapered fiber under phase-matching 
conditions. The EX SPP WGMs exhibited a sensitivity up 
to 500  nm/RIU (refractive index unit) as the surrounding 
refraction index changed, which holds great promise for micro-
fluidic biosensing with a large figure of merit as well as a wide 
detection range.

A comprehensive understanding of all types of resonant 
modes in metal-coated WGM microcavities is required for both 
fundamental studies and applications. In addition to the IN and 
EX SPP WGMs, HPP WGMs and dielectric (DE) WGMs origi-
nating from the transverse-magnetic (TM) and transverse-elec-
tric (TE) modes in uncoated WGM microcavities, respectively, 
have also been investigated.[114,115] These are discussed in detail 
in Section  4. It is interesting to consider the strong coupling 
between the different types of modes as the mode indices come 
close to each other, for example, IN and EX, EX and HPP, as 
shown in Figure  3e,f.[23,116] Eigenmode coupling in open sys-
tems is referred to as external coupling where the energy dis-
sipation to the surrounding environment is non-negligible.[2] 
The resonant wavelength can be tuned by either changing the 
refractive index or cavity size. Strongly coupled modes, also 
termed supermodes, are expected to support bound states in 
continuum and exceptional points by modulating the external 
coupling strength, which offers great promise for low-threshold 

lasing and ultrasensitive sensing applications.[2] For micro-
bottle or microtube cavities, the hollow core structure provides 
another degree of freedom for SPP WGMs.[117–120] A silver layer 
on the inner surface of a microbottle cavity was prepared by 
a silver mirror reaction occurring in the hollow core.[117,121] In 
such a device SPP WGMs were experimentally observed, which 
is of high interest for optofluidic bio-medical sensing.

4. Hybrid Photon–Plasmon (HPP) WGMs

After coating a metal layer onto optical microcavities, pure optical 
WGMs with TM and TE polarizations evolve into HPP and DE 
modes, respectively. As sketched in the top panel of Figure 4a, 
the electric field of the TM-polarized mode is perpendicular to 
the metal–cavity interface which matches the oscillation direc-
tion of the surface plasmons, resulting in the hybrid modes, 
that is, HPP modes. In contrast, the electric field of the TE-
polarized mode is parallel to the metal surface (sketched in the 
bottom panel of Figure 4a) which results in a coupling mismatch 
between the cavity photons and the surface plasmons. Polariza-
tion-dependent hybrid modes have been demonstrated in metal-
coated microtube cavities.[115] The hybrid structure was fabricated 
by directly depositing a gold nanofilm onto a silicon microtube 
cavity which was prepared by rolled-up nanotechnology.[51–53] This 
self-assembly approach has gained increasing interest in manu-
facturing large-scale on-chip cavity devices.[59] In fact, this kind of 
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Figure 3. Investigation of SPP WGMs. a,b) Dielectric microspheres embedded into flat gold films with small depth for supporting delocalized SPP 
modes (a), and with large depth for supporting localized SPP WGMs (b). Reproduced with permission.[112] Copyright 2006, American Physical Society. 
c,d) A silver-coated microdisk cavity supporting high-Q SPP WGMs. Reproduced with permission.[22] Copyright 2009, Nature Publishing Group.  
e) Mode coupling between EX and IN SPP WGMs in a silver-coated microtoroid cavity. Reproduced with permission.[23] Copyright 2010, American 
Physical Society. f) Mode coupling between EX SPP WGMs and HPP WGMs in a silver-coated microsphere cavity. Reproduced with permission.[116] 
Copyright 2016, Optical Society of America.
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microtube cavity has unique advantages such as ultrathin cavity 
walls and 3D design flexibility which has revealed new photonic 
phenomena like the spin-orbit coupling of resonant light.[55]

Due to the ultrathin cavity wall of microtube cavities, the 
evanescent field greatly extends out of the cavity surface and 
efficiently interacts with surface plasmons at the metal coating 
layer, giving rise to distinct hybrid modes. Prior to the metal 
layer coating, the TE-polarized modes dominate the optical res-
onances as its electric field is well confined within the ultrathin 
cavity wall (top panel of Figure  4b).[122–124] However, the TM 
modes become dominant as the TE modes are suppressed after 
coating the wall with a gold layer, as shown in the bottom panel 
of Figure  4b. Polarization mappings are measured for the TE 
and TM modes and sharp intensity contrast is visible for the 
situation prior to and after the gold layer coating (Figure 4c).

Electromagnetic field distributions of the TE and TM modes 
were calculated by the finite element method to further verify 
the polarization dependence of the HPP modes. Figure  4d 
shows the magnetic/electric field distributions along the radial 
direction for TM/TE modes interacting with a gold coating 
layer. For the TM-polarized mode, the presence of a dramati-
cally enhanced evanescent field at the gold surface indicates a 
hybridization between cavity photons and surface plasmons, 
that is, HPP modes. Because of the polarization mismatch, 
the TE mode just experiences a “shielding” effect by the metal 
layer, which is in agreement with the mode intensity decrease 
observed in experiments. As there is no photon-plasmon cou-

pling, the TE-polarized mode is referred to as dielectric mode. 
It is also worth mentioning that these works have clarified 
the favorable polarization for the excitation of HPP modes in 
metal-coated WGM microcavities which is of particular signifi-
cance for designing hybrid optoplasmonic devices.

Based on the metal-coated microtube cavities, HPP modes 
with three types of plasmon-type evanescent fields have been 
revealed by changing the thickness of the cavity wall (T) and 
the metal coating layer (t).[125] For the first case, both the cavity 
wall and metal layer are thick, that is, T and t are compa-
rable or larger than the wavelengths of the resonant optical 
light and the SPP, respectively. In this case, the plasmon-type 
field of the HPP mode is predominantly located at the inner 
surface of the metal layer, as shown in the inset of Figure 4e. 
Because the main field energy is stored in the photonic part 
of the mode in the dielectric cavity, this kind of HPP mode 
is referred to as weakly hybridized. When keeping T constant 
and decreasing t, a plasmon-type field is formed at both the 
inner and outer surface of the metal layer, as shown in the 
inset of Figure  4f. This kind of HPP mode is moderately 
hybridized. For the last case, T is decreased to subwavelength 
while t is kept constant, which is similar to the metal-coated 
rolled-up microtube cavities discussed above. The HPP mode 
in this type of optoplasmonic cavity provides an intense 
plasmon-type field located at the outer surface of the metal 
layer, as shown in the inset of Figure 4g, which is regarded as 
a strongly hybridized HPP mode.

Adv. Optical Mater. 2021, 2100143

Figure 4. Investigation of HPP WGMs. a–d) Polarization dependence of the HPP WGMs in a gold-coated microtube cavity. a) Schematic diagrams of 
the efficient coupling between cavity photons and surface plasmons for TM-polarized modes (top) and inefficient coupling for TE-polarized modes 
(bottom). b) Measured spectra of both TM- and TE- polarized modes before (top) and after (bottom) metal layer coating of the WGM cavity. c) Meas-
ured polarization mappings of the same sample in (b). d) Calculated field distributions of TM- (top) and TE- (bottom) polarized modes in the gold-
coated microtube cavity. Reproduced with permission.[115] Copyright 2015, American Physical Society. e–g) Three types of HPP WGMs in metal-coated 
microtube cavities with a varying tube wall thickness (T) and metal layer thickness (t). Field distributions and effective potentials along the radial direc-
tion of (e) weakly, (f) moderately, and (g) strongly hybridized HPP WGMs. Reproduced with permission.[125] Copyright 2016, American Physical Society.
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An effective potential model has been used to understand 
the formation of these three types of HPP modes. The forma-
tion of the plasmon-type field was determined by the compe-
tition between the potential well formed by the cavity and the 
potential barrier induced by the metal layer.[23,113,115] The calcu-
lated potentials of the corresponding HPP modes are shown 
in Figure  4e–g. Cavity photons are strongly confined within 
the green zones of the potential wells but can also escape due 
to the tunneling effect. In addition, a narrower potential well 
means higher kinetic energy of the photons and a larger tun-
neling probability. The metal coating layer forms a potential 
barrier, the width and height of which influence the tunneling 
probability of the cavity photons. For the weakly hybridized 
HPP mode, the cavity photons confined in the potential well 
can hardly tunnel out of the outer boundary because: 1) the 
kinetic energy of the photons is low as indicated by the shallow 
green zone in the potential well; 2) the high and broad metal 
potential barrier effectively prevents the tunneling of the cavity 
photons. Consequently, a plasmon-type field located at the 
inner metal surface is generated. For the moderately hybrid-
ized HPP mode, the potential barrier was narrowed to allow 
the tunneling of cavity photons, which results in an additional 
external plasmon-type field located at the outer surface of the 
metal layer (Figure 4f). For the strongly hybridized HPP mode, 
the configuration parameters of the optoplasmonic cavity lead 
to the formation of a narrow potential well and low barrier 
(Figure  4g). In this case, the cavity photons with high kinetic 

energy are prone to directly tunnel out of the potential well, 
giving rise to the intense plasmon-type field predominantly 
located at the outer surface of the metal layer.

Experimental realizations of the different types of HPP 
modes have also been discussed in previous reports.[114–116,119] In 
particular, the strongly hybridized HPP mode can hardly be gen-
erated in large and thick WGM microcavities except for rolled-
up microtube cavities. The microtube wall is scalable down to 
100 nm, which satisfies well the hybridization requirements as 
discussed in the theoretical calculations. Unlike the pure SPP 
WGMs on the metal surface, the HPP WGMs with high Q fac-
tors are much more stable and tunable. Additionally, the intense 
plasmon-type field in strongly hybridized HPP modes indicates 
promising prospects for enhanced sensing applications.

5. Heterostructured Metal–Dielectric (HMD) WGMs

Heterostructures consisting of a metal and a dielectric offer 
another way to realize hybrid optoplasmonic WGM micro-
cavities. This combination possesses the advantages of strong 
mode confinement and large field enhancement from the plas-
monic counterpart, as well as low loss and even optical gain 
from the photonic counterpart.[126–131] The feasibility of hetero-
structure integration has been opened up by the rapidly devel-
oping synthesis techniques of low-dimensional metallic and 
semiconducting nanomaterials.[132–134] For instance, single silver 

Adv. Optical Mater. 2021, 2100143

Figure 5. Fabrication and characterization of HMD WGMs. a) SEM image of ZnO–Ag nanowire heterostructures. b) Measured transmission spectrum 
of the hybrid rings shown in (a). Inset shows the dark field optical microscope image of the cavity under excitation. (a,b) Reproduced with permis-
sion.[136] Copyright 2009, American Chemical Society. c) SEM image of a perovskite–Ag heterostructure. Inset shows corresponding cross-section 
profiles of a typical heterostructure. d) Measured spectra of hybrid WGMs from the position of perovskite crystal (O1) and silver nanowire tip (O2). 
Inset shows the photoluminescence image of the heterostructure. (c,d) Reproduced with permission.[137] Copyright 2016, American Chemical Society.
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nanowires with highly ordered crystalline structures have been 
chemically synthesized for the demonstration of long-range SPP 
propagation,[19] while for the dielectric part, single cadmium 
selenide nanowires with tunable bending and folding shapes 
have been prepared for low-threshold single-mode lasing.[135]

Micromanipulation to integrate HMD WGM microcavities 
with high-quality low-dimensional metals and dielectrics has 
been exploited in recent studies. Guo et al. prepared a metal-die-
lectric heterostructured WGM microcavity by connecting a silver 
nanowire with a zinc oxide nanowire to form a closed microring 
(Figure 5a).[136] The obtained Q factor of the hybrid cavity was 
up to 520, as shown in Figure 5b, which is more than five times 
larger than that of SPP WGMs in pure metallic microrings.[72] 
Although the heterostructure still had the inevitable absorption 
losses in the silver nanowire section, the light recirculation was 
greatly improved by the high coupling efficiency (up to 80%) at 
the metal-dielectric connections. More significantly, it provides a 
convenient approach to construct ultra-compact and low-attenu-
ation nanophotonic components by decreasing the ring size and 
adopting high-gain semiconductor nanowires to compensate 
absorption losses in the metal nanowire section.

Self-assembly with controlled growth of versatile nanomate-
rials is an efficient way to synthesize heterostructured materials, 
which is also suitable for the integration of hybrid metal-dielec-
tric WGM microcavities.[137] Recently, Li et  al. prepared ration-
ally designed metal-dielectric heterostructures consisting of a 
single silver nanowire embedded in a CH3NH3PbBr3 perovskite 
crystal (Figure 5c) for the demonstration of a nanoscale laser via 
photon-plasmon coupling.[137] Due to the large curvature and 
high surface energies of the silver nanowires, the nucleation pro-
cess of the perovskite crystal was largely facilitated. Silver nano-
wires were subsequently embedded by epitaxial growth of the 
perovskite crystals in liquid phase. As shown in Figure 5c, WGM 
lasing in the perovskite crystal was efficiently coupled to the plas-
monic nanowires for the output emission. Laser signals collected 
from the dielectric edge (O1) and metallic nanowire end (O2) are 
shown in Figure 5d. Compared to the light spot at O1, the emis-
sion spot at O2 has a much smaller size which indicates strong 
confinement in the plasmonic nanowire (inset of Figure 5d). The 
intrinsic properties of the lasing modes from the metallic nano-
wire, such as the wavelength, Q factor, and polarization, are well 
retained, demonstrating the high-quality output via SPPs. This 
work provides a good inspiration for the self-assembly fabrica-
tion of heterostructured WGM microcavities to explore compact 
laser devices with low loss and strong confinement.

6. Coupling Effect between LSPRs and WGMs

Cavity-enhanced light-matter interactions strongly rely on 
small mode volume. It is therefore of high interest to further 
decrease the mode volume of WGMs for fundamental studies 
and related applications. LSPRs, supported by metal nanostruc-
tures, for example, nanospheres, nanorods, nanoantennas, 
etc. provide subwavelength confinement of the electromag-
netic field, which can efficiently bridge the interaction between 
WGM microcavity and nanoobject. By now, the absorption loss 
from metal nanostructures is compensated by dielectric WGM 
microcavities with low loss or even optical gain.

In optoplasmonic microcavities, the LSPR–WGM coupling 
is dominated by the materials’ permittivity, enhanced elec-
tric field, and absorption losses of metals. The coupling effect 
features distinct mode shifts and variations in Q factors of 
the WGMs. We have recently demonstrated uneven spectral 
shifts for different high-order axial modes in microtube cavi-
ties enabled by a selective coupling scheme between LSPR and 
WGMs.[26] When the LSPRs spatially overlap with the antinodes 
of certain axial WGMs, a significant mode shift occurs due to 
the coupling between them. On the contrary, for axial WGMs 
without a significant overlap between the antinodes and the 
LSPR, there is no mode shift due to the absence of coupling. 
For instance, for the metallic nanogap created in the center of 
the top surface of the tube, as shown in the inset of Figure 6a, 
the odd modes (i.e., E1, E3, E5) exhibit a pronounced blueshift 
due to their efficient coupling with the LSPR. It is notable that 
all the modes experience blueshifts which are caused by the 
presence of the thin metal film. The additional mode shift of 
the odd modes was ascribed to the enhanced electric field of the 
LSPR selectively interacting with the axial WGMs.

Variations in Q factor, that is, mode broadening or nar-
rowing, are also important to characterize the LSPR–WGM 
coupling, especially in a hybrid system where the mode shift 
is negligible.[101,138,139] As reported by Xiao’s group, a dissipative 
interaction between single gold nanorods and a microtoroid 
cavity has been clearly monitored by the Q factor variation of a 
WGM rather than the mode shift, as shown in Figure 6c,d.[101] 
The coupling mechanism, on one hand, relies on the fact 
that the mode shift is only dependent on the real part of the 
polarizability of the gold nanorod. The real part of the polar-
izability is zero when the LSPR of the nanorod is excited. On 
the other hand, the Q factor variation induced by the absorption 
and scattering losses of the gold nanorods is significant when 
the WGM spectrally matches with the plasmonic resonance. 
Moreover, anomalous Q factor variations and mode shifts have 
been observed recently, which was explained by the far-field 
radiation interaction between the plasmonic nanostructures 
and the WGM microcavity.[25] Apart from the mode shift and Q 
factor variation, the degeneracy of clockwise (CW) and counter-
clockwise (CCW) WGMs has also been lifted due to symmetry 
breaking induced by plasmonic nanoparticles.[91] The WGM 
with its antinode located at the metallic nanostructure was 
strongly scattered while the other one remained unperturbed 
due to the spatial mismatch (Figure 6e,f).

As the frequency of LSPRs is far away from that of the 
WGMs, Fano-type resonances appear due to the coherent 
interaction between the spectrally broad LSPR and narrow 
WGMs.[102,103] Thakkar et  al. presented reshapeable Fano-type 
WGMs via tuning a gold-nanorod-supported LSPR by thermal 
annealing. High-resolution spectra revealed the Fano-type 
WGM with different asymmetric shapes as the LSPR continu-
ously blueshifted by increasing the heating temperature.

7. Applications and Outlook

Integration of plasmonic nanostructures into WGM microcavi-
ties gives rise to a large field enhancement and strong mode 
confinement which are desired in applications associated with 

Adv. Optical Mater. 2021, 2100143
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light-matter interactions. As a key application, sensing based on 
optoplasmonic WGMs has shown many advantages in terms of 
sensitivity and detection limit in recent reports.[98–100,105–107,140] 
The detection and analysis of single nanoparticles, molecules, 
proteins, viruses, and ions for physical, chemical, and bio-
logical diagnostics have been performed based on plasmonic-
nanostructure-enhanced WGM microcavities. We refer the 
interested readers to several reviews which have discussed and 
summarized the optoplasmonic sensing applications in great 
detail.[141–146]

Plasmonic nanolasers with subwavelength mode confine-
ment far below the diffraction limit have been considered as 
a promising candidate for manufacturing future ultracompact 
optoelectronic devices. Among the reported configurations, 
semiconductor WGM cavities with high optical gain and effec-
tive resonance feedback were selected to fabricate nanolaser 
devices by coupling with plasmonic nanostructures.[147–152] The 
generated lasing modes are deeply confined at either the inter-
face or the spacer layer of the hybrid metal-dielectric structures. 
The strength of light-matter coupling is significantly increased 
due to the subwavelength mode volume of optoplasmonic 
WGMs. The enhancement of both spontaneous and stimulated 
emission rates is therefore achievable, leading to a fast response 
time. A higher power density is also expected for plasmonic 
nanolasers compared to that of conventional laser devices due 
to the deep field confinement. Overall, optoplasmonic WGM 
lasers with high radiation intensity at the nanoscale as well as 
fast radiation speed at the femtosecond timescale show great 

potential for both fundamental explorations and technological 
innovations.

Kwon et  al. have experimentally demonstrated nanolasing 
with subwavelength mode volume in an optoplasmonic 
WGM cavity consisting of an InP disk embedded in a silver 
nanopan, as sketched in Figure 7a.[147] Lasing (Figure  7b) was 
clearly observed at liquid-nitrogen temperature upon optically 
pumping. The lasing was attributed to an SPP WGM confined 
at the bottom of the silver nanopan by the characteristics of the 
spectrum, mode profile, and polarization state. Numerical sim-
ulations further identified the character of the lasing mode, and 
the calculated mode volume of 0.56(λ/2n)3 which is substan-
tially smaller than that in conventional optical cavities.[153–155] 
In a further study, Ma et  al. reported a WGM nanolaser oper-
ating at room temperature.[149] The configuration is shown in 
Figure 7c consisting of a thin CdS square on top of a silver sub-
strate separated by a 5 nm MgF2 spacing layer. By controlling 
the structural geometry, single-mode lasing with a line width 
of about 1.1  nm was achieved (Figure  7d). In another report, 
nanolasing modes were precisely controlled by adjusting the 
shape and size of bottom metal patterns, by which both cir-
cular hybrid optoplasmonic nanolasers and uniform plasmonic 
nanolaser arrays have been realized.[156]

Absorption spectroscopy plays a significant role in analytical 
chemistry, molecular and atomic physics, biomedical detec-
tions, etc. Recently, a single-particle-absorption spectrometer 
was experimentally proposed based on an optoplasmonic WGM 
cavity.[102] As sketched in Figure  7e, a pump and probe beam 
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Figure 6. Mechanisms of LSPR–WGM coupling. a,b) Measured mode profile shift in plasmonic-nanogap-coupled microtube cavities with different 
gold nanogap locations. Reproduced with permission.[26] Copyright 2016, American Physical Society. c,d) Measured linewidth (c) and shift (d) of a 
WGM coupled to single gold nanorods. Reproduced with permission.[101] Copyright 2016, American Physical Society. e–g) Measured mode splitting in 
a plasmonic-nanoantenna-integrated microdisk cavity. Reproduced with permission.[91] Copyright 2020, American Chemical Society.
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was employed to excite a gold-nanorod-deposited high-Q micro-
toroid cavity which significantly reduced background noise. 
By using a parallel amplitude and phase modulation double-

modulation scheme, the absorption characteristics of a single 
gold nanorod were monitored by high-resolution spectroscopy 
of asymmetric Fano resonances (Figure  7f) which were the 

Adv. Optical Mater. 2021, 2100143

Figure 7. Applications of optoplasmonic WGM microcavities. a) Schematic diagram of a semiconductor InP disk inside a silver nanopan. b) Measured 
spectra of plasmonic lasing. Insets show the calculated mode profiles from the top and side view. (a,b) Reproduced with permission.[147] Copyright 2010, 
American Chemical Society. c) Schematic diagram of a thin CdS square on a silver substrate separated by a 5 nm MgF2 layer. d) Measured spectra of 
room-temperature lasing. Inset shows the calculated field distribution of the lasing mode. (c,d) Reproduced with permission.[149] Copyright 2011, Nature 
Publishing Group. e) Schematic diagram of the single-nanoparticle absorption spectrometer. f) Measured spectra of asymmetric Fano-type resonances 
caused by coherent coupling between the LSPR and WGMs. (e,f) Reproduced with permission.[102] Copyright 2016, Nature Publishing Group. g) Sche-
matic diagram of a gold-nanorod-integrated microfiber cavity for the realization of free-space coupling. h) Measured resonant modes from scattering 
spectra of a microfiber cavity with (red) and without (black dotted) single nanorod coupling. Inset shows the calculated mode profile corresponding 
to the experiment. (g,h) Reproduced with permission.[157] Copyright 2015, American Chemical Society.



www.advancedsciencenews.com www.advopticalmat.de

2100143 (12 of 15) © 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbHAdv. Optical Mater. 2021, 2100143

result of the coherent coupling between the LSPR and WGMs. 
The hybrid system with the double-modulation technique is a 
sensitive platform to examine the spectral absorption informa-
tion down to single molecules.

Hybrid optoplasmonic WGM microcavities have also been 
applied for free-space coupling. The working mechanism relies 
on the fact that plasmonic nanostructures are able to convert 
the propagation light in free space to a strongly scattered field 
that can enter a WGM microcavity with high efficiency. Gu 
and Wang et  al. have independently demonstrated plasmonic-
nanorod-enabled free-space coupling in silica microfiber cavi-
ties, as depicted in Figure  7g.[157,158] Interestingly, single-band 
emission with 30-fold enhancement in peak intensity was 
experimentally observed by decreasing the diameter of the 
microfiber (Figure  7h). This type of hybrid microcavity offers 
a feasible way to construct a laser device with a small mode 
volume and ultralow threshold. It is worth equipping these 
hybrid systems with more functionalities. For instance, uni-
directional lasing and vortex emission has been obtained in 
dielectric microcavities and are also expected in optoplasmonic 
WGM microcavities.[159–161]

In summary, recent developments in optoplasmonic WGM 
microcavities have been comprehensively reviewed, including 
the geometric designs, fabrication strategies, fundamental 
mechanisms, and applications. Three types of hybrid modes, 
that is, SPP WGMs, HPP WGMs, and HMD WGMs, char-
acterized by the largely enhanced evanescent field have been 
discussed. Integration approaches to fabricate optoplasmonic 
cavities as well as the underlying mechanisms to investigate 
the coupling effect between LSPRs and WGMs have been 
summarized. The hybrid systems have brought great opportu-
nities to nanophotonic devices for sensing, lasing, absorption 
spectroscopy, and free-space coupling. The strong enhance-
ment effect on light-matter interactions based on   WGM 
microcavities may also play an important role in quantum 
filtering, quantum interfaces, and parity-time symmetric 
effects.[162,163] Further and more refined applications still 
require breakthroughs in reducing material losses, addressing 
size mismatch, and realizing large-scale on-chip integration. 
Once these challenges are overcome, highly integrated opto-
plasmonic circuits combining lasers, waveguides, filters, sen-
sors, and spectrometers will be manufactured for applications 
ranging from ultra-fast information processing to physical 
chemistry and biomedical analysis.
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