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TOPICAL REVIEW — Optical field manipulation
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Photonic-plasmonic hybrid microcavities, which possess a higher figure of merit Q/V (the ratio of quality factor
to mode volume) than that of pure photonic microcavities or pure plasmonic nano-antennas, play key roles in enhancing
light–matter interaction. In this review, we summarize the typical photonic-plasmonic hybrid microcavities, such as pho-
tonic crystal microcavities combined with plasmonic nano-antenna, whispering gallery mode microcavities combined with
plasmonic nano-antenna, and Fabry–Perot microcavities with plasmonic nano-antenna. The physics and applications of
each hybrid photonic-plasmonic system are illustrated. The recent developments of topological photonic crystal microcavi-
ties and topological hybrid nano-cavities are also introduced, which demonstrates that topological microcavities can provide
a robust platform for the realization of nanophotonic devices. This review can bring comprehensive physical insights of the
hybrid system, and reveal that the hybrid system is a good platform for realizing strong light–matter interaction.
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1. Introduction
Optical microcavities are essential platform for en-

hancing light–matter interaction, which have wide applica-
tions in biosensing,[1–5] optical trapping,[6–9] cavity quantum
electrodynamics (QED),[10–15] on-chip nano-lasers[16–20] and
surface-enhanced Raman scattering (SERS).[21–24] The qual-
ity factor Q and mode volume V represent the spectral energy
density and spatial energy density of the optical microcavities,
and they quantitatively describe how long in time the cavity
can store light and how small in space the cavity can local-
ize light.[25–30] The light–matter interaction strength is pro-
portional to Qm/V n for many processes (where m and n are
positive integers or fractions in general), so the figure of merit
Q/V is introduced as a basic index to evaluate the ability of op-
tical microcavities in enhancing light–matter interaction.[25,26]

How to achieve high Q/V optical microcavities for strong
light–matter interaction is the core task. In the last decade,
great progress has been made in realizing high quality factor Q
dielectric microcavities for improving the value of Q/V , such
as whispering-gallery-mode (WGM) microcavities[31–40] and
photonic crystal (PhC) cavities.[26,41–47] However, the mode
volume V in these systems is always larger than (λ/2)3 due
to the laws of diffraction, which limits the improvement of the
figure of merit Q/V .[33–36,42–45]

On the other hand, plasmonic nano-cavities or plasmonic

nano-antennas have the properties of localized surface plas-
mon resonances, so they can confine light into ultra-small
volumes far below the diffraction limit. The high value of
Q/V can be realized due to the ultra-small mode volume
V .[48–55] However, the quality factor Q in plasmonic systems
is typically below 50 due to serious absorption and scatter-
ing losses.[56–59] The enhancement of the figure of merit Q/V
is still limited. There is hence a strong need for a construc-
tive route toward resonators that leverage plasmonic nano-
antennas for ultratight confinement, yet operate at desirable
Q.

Photonic-plasmonic hybrid microcavities have been pro-
posed to access the regime of deep subwavelength confine-
ment, owing to their plasmonic constituents, while at the
same time inheriting larger quality factor benefiting from
a dielectric microcavity characteristic.[60–68] Several groups
have explored the hybrid systems by embedding single metal
nano-particles or plasmonic nanoantennas into dielectric mi-
crocavities, such as PhC nano-cavities[43–45,65] and WGM
microcavities.[60] The calculated results in previous reports
indicate that the strength of light–matter interaction in hy-
brid systems is stronger than the individual constituents,
and the successful fabrication of the hybrid structure in ex-
periments makes the hybrid systems get more attention for
applications in enhancing light–matter interaction.[66,67,69]
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Taking three types of typical hybrid microcavities as ex-
amples, which refer to hybrid microcavities based on PhC
microcavities,[65,67,69–72] hybrid microcavities based on WGM
microcavities[60,62,66,73] and hybrid microcavities based on F-
P microcavities,[63,68] we summarize a brief history of their
respective development. As is shown in Fig. 1, the first hybrid
microcavity was proposed and fabricated by Barth et al. in
2010, which consists of a two-dimensional (2D) PhC micro-
cavity and metal nanoparticles.[67] It opened new routes for

controlling light–matter interaction at the nanoscale. During
the next decade, hybrid microcavities based on PhC microcav-
ities were developed toward miniaturization. The hybrid mi-
crocavities consist of one-dimensional (1D) PhC microcavities
and plasmonic nano-antennas have also been realized.[69,71,72]

The applications of hybrid microcavities based on PhC micro-
cavities in fundamental quantum optics began to be stud-
ied in 2019.[72] Strong coupling was realized in hybrid
photonic-plasmonic nano-cavity in 2020,[65] which indicates

Fig. 1. (a) A plasmonic-photonic hybrid microcavity was realized in 2010.[67] (b) The 2D hybrid system was proposed in 2014.[70] (c) A hybrid
microcavity was proposed in 2017.[69] (d) A hybrid photonic-plasmonic microcavity was proposed in 2020.[65] (e) A photonic-plasmonic micro-
cavity with a 1D PhC dielectric cavity was realized in 2016.[71] (f) A hybrid microcavity consisting of a 1D PhC dielectric cavity and a metal dimer
was realized in 2019.[72] (g) A hybrid structure based on WGM microcavity was proposed in 2012.[60] (h) A coupled cavity−antenna system was
proposed in 2016.[62] (i) A hybrid structure of an antenna-dimer on a micro-disk was realized in 2019.[66] (j) A hybrid WGM microcavity was
proposed in 2020.[73] (k) InAs quantum boxes were placed in the core of small-volume and high-finesse GaAs/AlAs pillar microresonators.[74]

(l) Cesium atoms were captured in a magneto-optical trap (MOT) and dropped through a high-finesse optical cavity.[75] (m) A hybrid microcavity
based on F-P microcavity was proposed in 2018.[68]
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the advantage of the hybrid system in enhancing light–
matter interaction furthermore. The study of hybrid mi-
crocavities based on WGM microcavities began in 2012,[60]

and the development of the hybrid microcavities has gone
through the process from theoretical design[62] to experimen-
tal realization.[66,73] In early 21st century, F-P microcavities
have played key roles in Purcell enhancement, single-photon
source[74] and strong coupling studies.[75] The research of hy-
brid microcavities based on F-P microcavities began in recent
years.[63,68] The relevant works are focused on theoretical de-
sign of the hybrid system so as to greatly enhance light–matter
interaction, since this type of hybrid microcavity is hard to be
realized in experiment according to current techniques.

In this review, we firstly introduce photonic microcavi-
ties from physical concepts to applications and discuss the
limitations in the pure systems. Then, three types of typ-
ical photonic-plasmonic hybrid microcavities are introduced
to be the candidates in enhancing light–matter interaction,
which are PhC microcavities combined with plasmonic nano-
antenna, WGM microcavities combined with plasmonic nano-
antenna, and Fabry–Perot (F-P) microcavities combined with
plasmonic nano-antenna. In recent years, topological photon-
ics provides a new platform to design robust optical devices.
Thus, optical microcavities based on the topological state have
become the hotspot. The cavity modes that exist in topolog-
ical microcavities are robust. Here, the topological photonic
crystal nano-cavities based on corner state are introduced from
physical principles to applications. Besides, hybrid systems
based on topological photonic microcavities have also been
introduced. Different from the conventional hybrid systems,
the combination of plasmonic nano-antennas and topological
photonic crystals microcavities produced a robust platform in
enhancing light–matter interaction. Finally, we summarize the
advantages of photonic-plasmonic hybrid microcavities in en-
hancing light–matter interaction and prospect the development
of hybrid systems in the future.

2. Photonic dielectric microcavity
2.1. Physics

Optical microcavities, which can confine light to regions
of micron meter scale via resonant recirculation,[25] play key
roles in enhancing light–matter interaction. The quality factor
Q and the mode volume V are both important indexes in de-
signing optical microcavities, and the figure of merit Q/V is
introduced as a basic index to evaluate the property of optical
microcavities.[26] There are three types of microcavities. The
first type is PhC microcavity.[76] Since light in the bandgap
frequency range is forbidden, the cavity modes are generated
when introducing defects in the periodic structures. The sec-
ond type is the WGM microcavity, the total reflection interface

is formed between the high interior refractive index medium
and the low external refractive index medium. Thus, a strong
restriction of light is realized.[77] The third type is F-P micro-
cavity, whose active area consists of two parallel planar mir-
rors with very high reflectivity, and the light is reflected in the
two mirrors to form resonance. The first two types of optical
microcavities are easy to integrate on-chip and provide poten-
tial platforms in enhancing light–matter interaction.

2.2. Application

PhC nano-cavities and WGM microcavities are ben-
eficial for on-chip integration, which are widely applied
in filters,[78–80] sensors,[81–88] nano-lasers,[89–92] and cavity
QED.[93–97] Photonic crystal nano-cavities can confine light
within a certain frequency range in bandgap and offer high
spectral selectivity,[98,99] which are suitable candidates in re-
alizing filters. A new type of optical channel drop filter (CDFs)
based on a photoniccrystal ring resonator (PCRR) was de-
signed in theory.[78] The drop efficiency was up to 100% at
the wavelength of 1550 nm. A tunable all-optical microwave
filter based on a photonic crystal L3 cavity was realized in
the experiment and the ultra-high tuning efficiency was up to
101.45 GHz/mW.[79] Different from PhC nano-cavities, filters
based on WGM microcavities are realized through coupling to
the waveguide. The light of resonant wavelengths in the input
waveguide can be coupled to the cavity and then transferred
out by coupling to the output waveguide. Thus, the filtering
effect is realized.[80] The performance of filters is determined
by the coupling efficiency between WGM microcavities and
waveguides.

PhC nano-cavities and WGM microcavities have high
quality factor, so they have narrow linewidth and even very
small drift of spectral lines can be easily observed. Therefore,
they have great prospects in realizing sensors. For example,
the ultracompact biochemical sensor based on 2D photonic
crystal nano-cavity has been realized in the experiment.[81]

A tiny change of refractive index ∆n was readily apparent
through observing the shift of the resonant wavelength, where
∆n = 0.002. The sensitivity mentioned above is demonstrated
to be better than that in a passive microcavity configuration.
In recent years, refractive index sensor array based on pho-
tonic crystal microfiber cavity[82] and mid-infrared gas sensor
based on high Q/V point-defect PhC nano-cavity have also
been proposed,[83] which largely improve the development of
on-chip sensors. WGM microcavities also play an important
role in sensors. In the aspect of biological sensing, single virus
and nanoparticle detection were realized through observing
the mode shift,[84] mode splitting,[85] and mode broadening[86]

of the WGM microcavities resonant spectrum.
In addition to the biological sensing mentioned above,

WGM microcavities can also realize high-performance tem-
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perature sensing[87] and mechanical sensing.[88] Besides, pho-
tonic microcavities with high quality factor Q have extensive
applications in nano-lasers[89] and cavity QED.[11] For ex-
ample, photonic crystal nano-cavities with Q factor greater
than thousands can be used in low threshold nano-lasers.[90,91]

When the Q factor reaches tens of thousands, the strong cou-
pling can be realized, which is a typical manifestation of cavity
QED.[94,95] Up to now, the optimization of Q factor contin-
ues, and the value of the Q factor can reach millions[100,101] or
even billions by the approach of deep learning.[102] However,
the mode volume V of the photonic dielectric microcavities is
always near a cubic of wavelength and hard to decrease due
to the laws of diffraction, which limits the enhancement of the
figure of merit Q/V .[34,43]

3. Photonic-plasmonic hybrid microcavities
3.1. Surface plasmon resonances

Surface plasmon resonance (SPR) is a surface electro-
magnetic wave formed by the coupling of free electrons and
photons on the surface region, which is often found on the
surface of planar metals and dielectric materials.[48] The co-
resonant oscillations generated by the mutual excitation be-
tween free electrons and electromagnetic fields give met-
als unique optical properties. However, due to the inherent
ohmic loss of the metallic structure and the radiation loss to
the substrate, the energy loss in the transmission of surface
plasmon resonances is significant, which has a major impact
on the performance and signal transmission of nanophotonic
devices.[103]

Localized surface plasmon resonance is a physical phe-
nomenon that occurs in subwavelength metal particles.[49,50]

The mode volume V of the metal particles is far be-
low the diffraction limit due to localized surface plasmon
resonances.[54] Advances in both synthetic and lithographic
fabrication techniques allow researchers to vary the shape,
size, and material of the nanoparticles that support the local-
ized surface plasmon resonances, which provides various plat-
forms to realize ultra-small mode volume.[50] However, the
quality factor of the metal particles is generally below 50 due
to serious metal loss.[56]

3.2. Applications of photonic-plasmonic hybrid microcav-
ities

Due to the localized surface plasmon resonances, plas-
monic cavities have great advantages in confining light
into very small space and realizing ultra-small mode vol-
ume V , which makes them widely be applied in quantum
optics[11,13,15,104–107] and nonlinear optics,[108–111] such as
Purcell enhancement in weak coupling,[51,52,112] Rabi split-
ting in strong coupling[54,113–115] and single nonlinear opti-
cal response enhancement.[109] However, the development of

the above applications is hard to have a breakthrough due
to the low quality factor Q, which is caused by the serious
metal loss of the plasmonic cavities.[56–59] Thus, hybrid mi-
crocavities, which consist of high quality factor Q photonic
microcavities and small mode volume V plasmonic cavities
(plasmonic nano-antennas), have been proposed to largely
improve the light–matter interaction.[61–68] In this section,
three typical types of hybrid systems are introduced and il-
lustrated respectively, which contain the PhC nano-cavities
combined with plasmonic nano-antenna,[65,67,69–72] WGM mi-
crocavities combined with plasmonic nano-antenna[60,62,66,73]

and F-P microcavities combined with plasmonic nano-
antenna.[63,68,116] Taking advantages of both high quality fac-
tor Q of photonic microcavities and ultra-small mode volume
V of plasmonic resonators, the hybrid microcavities provide
a promising platform for the study of biosensing,[2–4] optical
trapping,[8,9] cavity quantum electrodynamics (QED),[11,12]

on-chip nanolasers[17–19] and surface-enhanced Raman scat-
tering (SERS).[23,24]

In 2016, Conteduca et al. proposed a hybrid microcav-
ity based on a 1D photonic crystal (PhC) dielectric cavity
and a plasmonic nano-antenna.[71] The schematic diagram of
the proposed structure is shown in Fig. 2(a). Large electro-
magnetic energy enhancement was realized in the gap of the
plasmonic nano-antennas when the resonant spectra of the
dielectric cavity and plasmonic nano-antennas have a large
overlap [see Fig. 2(b)]. Under efficient coupling between the
dielectric cavity mode and the localized surface plasmon res-
onances mode, an ultra-high Q/V ratio of 106(λ/n)−3 and
a remarkable resonance transmission (T = 47%) have been
achieved simultaneously in the hybrid structure, as shown in
Fig. 2(c), which indicates that the hybrid system is a suit-
able candidate in realizing biosensing. In 2017, the hybrid
microcavity in Ref. [71] was successfully fabricated in the
experiment. The SEM image of the hybrid structure is shown
in Fig. 2(d). When the resonant wavelength of the plasmonic
bowtie nan-antennas matched that of the 1D PhC nano-cavity,
large energy confinement was generated in the gap between
the two gold triangles [see Fig. 2(e)]. The compromise be-
tween strong light confinement and low metal loss in plas-
monic bowtie nano-antennas was reached with an appropriate
size of the gap. The high figure of merit Q/V of 106(λ/n)−3

and a transmission of 20% of the hybrid microcavity were
obtained [see Fig. 2(e)]. Based on the high figure of merit
and transmission, the hybrid structure was demonstrated to
be a high efficiency nano-tweezer for optical trapping. A sta-
ble trapping condition can be achieved for a single 200 nm
Au bead for several minutes (trap < 5 min) and with very
low optical power (Pin = 190 µW) [see Fig. 2(f)].[69] In ad-
dition to the application in biosensing and optical trapping,
the 1D hybrid system has also been applied in quantum optics.
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Fig. 2. (a) The schematic diagram of the photonic-plasmonic cavity with a 1D PhC dielectric cavity.[71] (b) The electric field distribution at
resonance of the photonic-plasmonic cavity.[71] (c) The figure of merit Q/V and resonance transmission T as a function of the gap G and the slot
widths.[71] (d) The scanning electron micrograph (SEM) of the hybrid cavity.[69] (e) The electric field distribution of photonic-plasmonic cavity
and transmission spectrum of the hybrid cavity when trapping a 200 nm Au bead.[69] (f) Power versus time at the output of the hybrid cavity.[69]

(g) The schematic diagram of hybrid nano-cavity consisting of a 1D PhC dielectric cavity and a metal dimer.[72] (h) Semiclassical Purcell factor
and QNM-JC Purcell factor as a function of the energy, with quasinormal modes (QNMs) profiles in the inset.[72]

In 2019, Franke et al. utilized the hybrid microcavity to il-
lustrate the practical application of the second quantization
scheme based on quasinormal mode (QNMs). As is shown
in Fig. 2(g), the hybrid microcavity consists of a gold nanorod
dimer and a 1D PhC nano-cavity,[72] which supports two over-
lapping quasinormal modes (QNMs) with two frequencies ω1

and ω2, as is shown in the first picture of Fig. 2(h), and the two
corresponding QNMs profiles are shown in the inset. The Pur-
cell factor versus energy was calculated with a semiclassical
approach and the QNM-JC model respectively, as is shown in
Fig. 2(h). Due to different phase terms of overlapping QNMs,
Fano-type resonance (blue line) appeared in both conditions.
However, the Purcell factor in QNM-JC model contains the di-
agonal contribution Γ diag, which is one component of the full
emission rate Γ , where Γ =Γ diag +Γ ndiag. Thus, the two res-
onant frequencies of the QNMs-JC Purcell factor have been

shifted compared with that of the semiclassical Purcell factor.
The 1D hybrid system provides an ideal platform for studying
the quantization scheme based on QNMs.

The optimization of the figure of merit Q/V in 1D hybrid
systems is limited by dimension, which makes them hard to
realize strong interaction between light and matter. The 2D
hybrid systems have the potential to be the better candidates
by contrast. In 2010, Barth et al. firstly proposed a hybrid
cavity system that consists of metal nanoparticles and a pla-
nar double-heterostructure PhC cavity. The hybrid structure
was successfully fabricated through a nano assembly method,
which combined the modified dippen technique with atomic
force microscope (AFM) manipulation. The individual metal
nanoparticles can be deterministically placed on the dielec-
tric PhC cavity [see Fig. 3(a)]. A hot spot is created in the
gap because the metal constituents lead to strongly localized
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fields [see Fig. 3(b)]. The interaction between the plasmonic
nanoantenna and the cavity mode is manifested in the pro-
nounced Fano-like line shape (red curve in dashed frame),
which is observed in the spectrum in Fig. 3(c).[67] The exper-
imental realization of the hybrid structure gives a new insight
in enhancing light–matter interaction. In 2014, Zhang et al.
proposed a nano-laser based on a hybrid photonic-plasmonic
nano-cavity. As is shown in Fig. 3(d), the hybrid system con-
sists of a 2D dielectric photonic crystal cavity and a plasmonic
bowtie nano-antennas.[70] The hybrid microcavities with dif-
ferent locations of plasmonic bowtie antennas were success-
fully fabricated through a novel method based on multi-step
electron-beam lithography, which can accurately control the
position of the antennas. The SEM image of the hybrid struc-
tures is shown in Fig. 3(e). The mode volume of the hybrid
microcavity was far below the diffraction limit, but the qual-
ity factor of the hybrid microcavity was relatively low due to
the serious metal loss. Thus, the laser threshold was increased
with the presence of the plasmonic bowtie nano-antennas [see
Fig. 3(f)]. The variation in the laser peak intensity with ef-
fective incident pump power was obtained [see Fig. 3(f)]. The
optical properties of the basic hybrid structures were measured
by micro-photoluminescence spectroscopy at room tempera-
ture.

Besides the applications in nano-lasers, the hybrid
systems have great potential in cavity quantum electro-

dynamics (QED),[117–124] such as Purcell enhancement in
weak coupling region and Rabi splitting in strong coupling
region.[51,52,113–115] Basic concepts of cavity QED are ex-
plained as follows. The cavity QED is focused on studying the
interaction between a quantized cavity mode and atoms. Since
the optical mode in the cavity is discrete and concentrated,
some interesting physical phenomenon will happen when the
atoms interact with the cavity mode through absorbing and
emitting photons. Here, we introduce the most basic model
of cavity QED: Jaynes–Cummings (J-C) model, which de-
scribes the interaction of a single mode and a two-level atom
(dipole).[125] We further introduce the criterion for determin-
ing strong coupling and weak coupling.

The Hamilton of the J-C model is expressed as below:

HJC = ωca†a+ωeσ+σ−+g
(
a†

σ−+aσ+

)
, (1)

where a† and a are creation and annihilation operators of
cavity mode, σ+ and σ− are Pauli operators, ωc and ωe are
resonant frequencies of cavity and dipole. g represents the
coupling strength between atoms and cavity mode, and the

expression is g = µ

√
ωc

2}εV , where µ is the dipole moment
of the atoms, ε is the dielectric constant and V is the mode
volume of the cavity.[60] The value of g/κ is the criterion
to evaluate whether the system is in the weak coupling or
strong coupling regime. κ is the decay rate of the cavity.

Fig. 3. (a) The employed AFM manipulation technique and the schematic diagram of the plasmonic-photonic hybrid cavity.[67] (b) Calculated
electric field intensity distribution |E|2 of the hybrid nano-cavity.[67] (c) Fluorescence spectrum from the configuration shown in Fig. 2(a).[67]

(d) Two designs of hybrid nano-cavities and their corresponding electric field distributions.[70] (e) The SEM of the hybrid nanostructures.[70]

(f) Variation of the laser peak intensity versus the effective incident optical pump power of three kinds of the proposed structures.[70] (g) Sketch of
hybrid photonic-plasmonic nano-cavity.[65] (h) The electric field distributions of the hybrid nano-cavity.[65] (i) The radiation power of the quantum
emitters in bare photonic crystal nano-cavity and hybrid nano-cavity versus the detuning (ω−ωe).[65]
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Fig. 4. (a) Sketch of hybrid structure based on WGM microcavity.[60] (b) Top view of the electric field profile without and with metal
nanoparticles.[60] (c) Cooperativity without and with the presence of the MNP versus the radius of the MNP.[60] (d) Left: the schematic dia-
gram of a hybrid system driven by a dipole source. Right: emission enhancements in the hybrid system.[62] (e) Up: sketch and SEM image of the
hybrid WGM microcavity. Down: calculated quantum dot emission spectra at resonance (green line) and off-resonance (red line) of the antenna
resonance.[73] (f) Sketch and SEM image of the hybrid structure of an antenna-dimer on a microdisk.[66] (g) Up: the simulated cycle-averaged
field intensity |E|2 on the top interface of the hybrid structure with different antenna separation. Down: the angular radiation pattern (inset) and
corresponding scattering spectra at chosen (kx,ky).[66]

When g/κ < 1, the system is in a weak coupling regime. A
typical physical phenomenon in the weak coupling regime is
the Purcell effect, i.e., the spontaneous emission rate of atoms
will be enhanced when it couples to the cavity mode.[126] Pur-
cell factor F is introduced to represent the ratio of the sponta-
neous emission rate of atoms in a vacuum and a cavity, and the
expression is F= 3

4π2 (
λ

n )
3 Q

V .[126] When g/κ > 1, the system is
transformed into a strong coupling regime. A typical physical
phenomenon in the strong coupling regime is Rabi splitting,
i.e., the emission power spectrum of atoms will split into two
peaks.[11] Recently, Zhang et al. proposed a hybrid photonic-
plasmonic nano-cavity with the ultra-high figure of merit Q/V ,
which can realize strong coupling and the Rabi splitting ap-
peared in the emission power spectrum [see Fig. 3(i)]. The
sketch and electric field distribution of the hybrid structure are
shown in Figs. 3(g) and 3(h).[65] The hybrid microcavity with
high figure of merit provides a new avenue in realizing strong
coupling and has potential applications in quantum informa-
tion processing.

Except for the hybrid systems based on PhC cavities,

some groups work on the hybrid systems based on WGM
microcavities. As early as 2012, Xiao et al. proposed a
photonic-plasmonic hybrid microcavity which consists of a
metal nanoparticle (MNP) and a WGM microcavity [see
Fig. 4(a)]. The mode volume of the hybrid system is de-
creased since the MNP offers a highly enhanced local field
[see Fig. 4(b)]. Interestingly, for the hybrid system, the high
quality factor property of WGMs can be maintained in the
presence of the MNP.[60] Thus, the single-atom cooperativ-
ity is enhanced by more than two orders of magnitude com-
pared to that in a bare WGM microcavity [see Fig. 4(c)],
which provides a potential platform in quantum optics. In
2016, Doeleman et al. proposed a hybrid microcavity as a
versatile platform for emission enhancement.[62] The hybrid
system consists of a WGM microcavity and a dipolar antenna
[Fig. 4(d)]. The emission enhancement of the hybrid system
from the oscillator model (dashed line) and finite element sim-
ulation (solid line) is calculated in Fig. 4(d). The emission
enhancement in the oscillator model is expressed as follows:

ηtotal = 1+
6πε0c3

ω3n
Im(αHG2

bg +2GbgαHχhom +χH), (2)
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where αH, χH, and χhom are the hybridized antenna polariz-
ability, cavity response function and bare cavity response, and
Gbg is the Green’s function of the background environment.
As is shown in Fig. 4(d), the results of emission enhance-
ment calculated with finite element simulation (solid line)
are merely identical to that calculated with oscillator model
(dashed line), which demonstrates the accuracy of the numer-
ical simulation. The total enhancement (green) in the hy-
brid system resulted from the scattering into the free space
(blue), antenna absorption (red), and cavity absorption (pur-
ple), which was much larger than that in the bare cavity (yel-
low). The theoretical design in Ref. [62] was successfully real-
ized in the experiment by Doeleman et al. in 2020. The SEM
image of the hybrid structure is shown in Fig. 4(e). The emis-
sion enhancements of a single quantum dot in such a hybrid
system were observed through the photoluminescence (PL)
spectra. As is shown in Fig. 4(e), the shaded areas indicate
bare QD spectra, the green line and red line indicate the quan-
tum dot emission spectra at resonance and red detuned from
the antenna resonance, respectively. The emission enhance-
ment in the hybrid system profits from both plasmonic con-
finement and high quality factor of the WGM microcavity.[73]

The work demonstrates the potential of the hybrid system for
enhancing light–matter interaction. The hybrid systems men-
tioned above are both based on one dipole antenna. The in-
teraction between two dipole antennas and WGM microcavity
has been reported recently. Gognee et al. proposed a high
Q hybrid plasmonic-photonic microcavity, consisting of a di-
electric microdisk and a pair of plasmon nano-antennas, to be
used to realize unidirectional light sources.[66] The sketch and
the SEM image of the hybrid structure are shown in Fig. 4(f).
Large local density of state (LDOS) enhancement is achieved
and it exceeds those given by a single nano-antenna. As is
shown in the first picture of Fig. 4(g), the cycle-averaged field
intensity |E|2 is calculated and it is homogenous with antenna
separation of 0.94 cavity period (left). In contrast, the cycle-
averaged field intensity |E|2 exhibits a standing wave pattern
with the antenna separation of 1 cavity period (right). It in-
dicates that the distribution of cycle-averaged field intensity
is determined by the antenna separation. The unidirectional
property of the hybrid microcavity occurred at the antenna
separation of 0.94 or 1 and the radiation pattern of the hy-
brid microcavity is shown in the inset of Fig. 4(g), which is
consistent with the theoretical prediction. The scattering spec-
tra of the wave vectors marked with a green cross and pur-
ple circle are shown in Fig. 4(g), the coherent superposition
of QNMs is directly revealed by the Fano lineshapes (purple

line) in the scattering spectra, which provides new insight for
single nanoparticle or molecular detection.

In recent years, hybrid systems based on F-P microcavi-
ties are indicated to be suitable candidates in promoting the de-
velopment of quantum devices.[63,68] In 2017, Peng et al. stud-
ied the hybrid system which consists of metallic nanoparticles
(MNPs) and an optical microcavity. They proposed a universal
theoretical model to reveal the role of the dielectric microcav-
ity in a hybrid system, so the optical microcavity used here is
not limited to a FP-type microcavity. The schematic diagram
of the hybrid structure and the interaction in the system are
shown in Fig. 5(a). The quantum emitter is firstly assembled
onto the surface of MNP, and the composite is placed in the
optical microcavity.[63] The significantly enhanced coherent
radiation and the reduced incoherent dissipation are revealed
through an analytical quantum model based on the hybrid sys-
tem. Importantly, the strong coupling can be realized in the
cavity engineered MNP-emitter system, i.e., the vacuum Rabi
oscillation and splitting are observed in the emission spectrum
of the quantum emitter [see Fig. 5(b)]. The hybrid microcav-
ity plays an important role in promoting the development of
quantum optics. In 2018, Gurlek et al. studied a similar sys-
tem with the last work but with different theoretical methods,
where they combined numerical simulation with the quasinor-
mal mode approximation. The sketch of the hybrid micro-
cavity is shown in Fig. 5(c), which consists of a plasmonic
bowtie nano-antenna and an F-P microcavity.[68] Due to the
high figure of merit of the proposed structure, Rabi splitting
occurred in the emission spectrum of the quantum emitter [see
Fig. 5(c)]. Besides the applications in cavity QED, the hy-
brid system consists of F-P microcavity and plasmonic bowtie
nano-antennas plays a key role in surface-enhanced Raman
scattering (SERS). Liu et al. proposed a hybrid microcavity
that consists of gold nanorods (AuNRs) and a resonant dielec-
tric photonic crystal (PC) slab. The schematic diagram of the
hybrid structure is shown in Fig. 5(d). The PC slab possesses
two types of cavity resonances: a broadband FP cavity and a
narrowband PC-guided resonance (PCGR). Both kinds of cav-
ity modes can be matched with the AuNR resonance.[116] The
large enhancement of local field intensity is realized through
observing the SERS. The coupling between PCGR mode and
localized plasmon mode offers at least 1 order of magnitude
greater amplification of AuNRs’ local field intensity compared
to that offered by coupling to the F-P mode. The proposed hy-
brid microcavity brings new opportunities for enhancing light–
matter interactions and benefits to the areas such as nonlinear
optics and surface-enhanced Raman spectroscopy.
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Fig. 5. (a) The schematic diagram of a quantum emitter coupled to an MNP in a microcavity-engineered environment.[63] (b) Left: temporal
evolution of the population 〈σ̂ + (t) σ̂−(t)〉 on the emitter for a cavity with different quality factor Q, and without the cavity. Right: radiation power
of the emitter versus pump-emitter detuning.[63] (c) Up: a sketch of the hybrid cavity based on F-P microcavity. Down: fluorescence spectrum of
an emitter that interacts with the detuned hybrid mode.[68] (d) Local field enhancement realization of the synergistic hybrid microcavity.[116]

4. Topological photonic-plasmonic crystal hy-
brid microcavities

4.1. Topological photonic crystal microcavity

Topological photonics provides robust platforms in de-
signing photonic devices. Novel photonic crystal (PhC) mi-
crocavities based on the topological state are booming in re-
cent years. Topological microcavities have advantages in real-
izing nano-lasers and light trapping[127–133] because the cavity
modes of topological photonic crystal microcavity are robust
and immune to disorders. In 2018, Ota et al. designed a topo-
logical PhC nano-cavity based on 1D Su–Schrieffer–Heeger
(SSH) model. Topological property in the cavity is character-
ized by the Zak phase, which is defined as an integral of the
Berry connection over the first Brillouin zone

Zn =
∮

i〈un (k) |
d
dk
| un (k)〉dk, (3)

where Zn is the Zak phase and | un (k)〉 is the periodic Bloch
function that belongs to the n-th band.[127] By tuning the
lengths of the rectangular air holes and the distance between
them, the Zak phase can be changed [see Fig. 6(a)]. When
putting the two materials with different topological indexes to-
gether, the topological phase transition takes place at the inter-
face. Thus, the topological protected 0D corner states emerge
at the interface. The 1D topological photonic crystal nano-
cavity is formed based on the corner state, and the quality fac-

tor Q is up to 59700 in theory. A high-β laser based on high
quality factor is realized successfully in the experiment, where
β is the spontaneous emission coupling factor [see Fig. 6(b)].
The designed structure was fabricated on a GaAs slab, which
contains 5 layers of InAs QDs.

In 2019, Han et al. designed a nanolaser based on a topo-
logical PhC L3 nano-cavity dimer array.[128] In this report, the
topological invariant was described as winding number

W =
i
π

∮
〈u(k) | d

dk
|u(k)〉dk, (4)

where the path of integral covers the first Brillouin zone and
| un (k)〉 is the periodic Bloch function. The Hamiltonian of
the system can be written as follows:

H =

(
ω0 CA +CB e−ika0

CA +CB e ika0 ω0

)
, (5)

where ω is the resonant frequency of the L3 cavity, CAand
CB are the coupling strengthes between cavities, which can be
tuned by the distance between the cavities [see Fig. 6(c)]. The
topological non-trivial phase was realized by tuning the dis-
tance between the L3 cavities. The direct evidence for lasing
at topological edge state was obtained by near-field scanning
optical microscope (NSOM) [see Fig. 6(d)]. The robustness
of the proposed structure has also been verified.[128] How-
ever, the laser mode is in a 0D defect state for the 1D struc-
ture, which cannot provide protected transport.[130] Higher-
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order topological insulators (HOTIs) have been proposed to
describe topological insulators (TIs) that have lower dimen-
sional gapless edge states. For example, a second-order 2D TI
may have gapped 1D edge states but gapless 0D corner states.
Many people engage in the exploration of higher-order topo-
logical photonic crystals.[134,135] In 2018, Xie et al. realized a
2D photonic topological insulator (PTI) which is the 2D pho-
tonic generalization of the SSH model.[134] In this PTI, there
are four identical dielectric rods in each unit cell which form
isotropic (lx = ly) or anisotropic (lx 6= ly) PhCs [see Fig. 7(a)].
Topological edge and corner states can appear in the first pho-
tonic bandgap (PBG) by tuning the distance between the four
rods [see Fig. 7(b)]. The topological corner charge is deter-
mined by the edge polarization as Qc = pvy

x + pvx
y = 4PxPy. The

whole phase diagram including isotropic and anisotropic PhCs
is classified into four parts which are depicted in Fig. 7(c). The
characteristic of the topological phase can be potentially used
to design different optical topological switches for the pho-
tonic integrated chip. In 2019, based on the generalized 2D
SSH model, Chen et al. directly observed the corner state by
using near-field scanning measurements [see Fig. 7(d)].[135]

In this work, the protected topological corner state is related
to the 2D Zak phase ZZak = (Zx,Zy), which is defined as

Zi =
∫∫
©Tr[Âi (𝑘)]dkx dky, (6)

(Âi)mn (𝑘) = 〈um (𝑘) | ∂ki | un (𝑘)〉, (7)

where i = x or y. Âi (𝑘) is the Berry connection and the range
of integration covers the first Brillouin zone. The topologi-
cal and trivial phases are (π , π) and (0, 0), respectively. The
topological phase of the structure is changed when tuning the
distance between dielectric cylinders in a unit cell. The quan-
tized edge dipole polarization along the x-axis and y-axis can
induce the 0D corner state in the band gap when combing the
two kinds of PhCs with different topological phases. Since the
corner state is robust and immune to disorders, it is a good plat-
form to realize 2D topological PhC cavities. In 2020, Xie et
al. experimentally realized a 2D topological PhC nano-cavity
based on corner state and the high quality factor Q of 104 was
obtained by moving the topological PhC away from the corner
by (g, g). Purcell enhancement of single quantum dot (QD)
was demonstrated in the proposed structure [see Fig. 7(e)],[129]

which provides a robust platform to investigate cavity QED
and has potential applications in quantum information pro-
cessing.

Besides, the topological PhC cavities are considered as
good candidates to realize low-threshold nanolasers. In 2020,
Zhang et al. designed and demonstrated a small footprint, low
threshold and high energy efficiency topological nanolaser
based on second-order corner state [see Fig. 7(f)]. They ex-
perimentally observed the lasing behavior of the corner state
with the QDs as the gain medium through pump-power depen-
dence of the corner state emission. As is shown in Fig. 7(g),

Fig. 6. (a) Up: schematic diagram of the 1D topological PhC nano-cavity. Down: illustration of design methods, i.e., the interface is formed by
joining two PhCs together, and the two PhCs are different in the way that the unit cells are defined.[127] (b) Logarithmic plots of the light-in-light-out
curve (red) and the evolution of the intensities of the background emission (light green).[127] (c) Schematic diagram of 1D SSH implemented in a
2D hexagonal PhC platform. It was composed of a linear chain of PhC L3 cavities with staggered coupling strengths CA and CB (CA >CB).[128]

(d) NSOM images were recorded for structure W = 0 and W = 1 at the corresponding peak emission wavelengths.[128]
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Fig. 7. (a) Schematic diagram of 2D photonic SSH model.[134] (b) Photonic eigenmodes of a combined structure where the PC is inside a box and
the PTI is outside the box. There are four degenerate states localized at the four corners in the bandgap.[134] (c) Classification of all kinds of the
generalized 2D photonic SSH model with different configurations in the x and y directions.[134] (d) Left: the sample for measuring corner states.
Right: measured Ez field of the corner state at 5.2 GHz.[135] (e) Left: schematic diagram of 2D topological PhC nano-cavity. Right: PL spectra
collected when the QDs are tuned across the corner state by temperature.[129] (f) Scanning electron microscopy image of a fabricated 2D topological
PhC nano-cavity and electric field profile of the topological corner state.[131] (g) Pump-power dependence of the corner state for the cavity.[131]

a mild “s” shape appears in the light-in-light-out (L-L) plot,
which indicates a lasing oscillation with high β and the value
of β is approximately 0.25.[131] Besides, Chen et al. put
forward a new approach in designing higher-order PTI, i.e.,
topology optimization approach.[136] The overlapped band-
gap width between the nontrivial and trivial PhC achieves
29.3% by topology optimization approach, which is more than
twice compared with the original higher-order PTI.[137,138]

The study of the combination of topology and topology op-
timization approach will become more attractive since it pro-
vides an efficient way to design our higher-order devices to
cater to our needs. Moreover, it can break the restrictions of
traditional methods and predict novel higher-order PTI. These
methods provide new avenues for the realization of higher-
order PTI.

4.2. Topological hybrid nano-cavity

Novel optical cavities based on topological photonic
states attract much attention due to their advantage of
robustness.[127–131] However, the figure of merit Q/V is still

limited, since the mode volume V of the dielectric topological
cavities is hard to further decrease due to the light diffrac-
tion limit.[34–36] As a result, the figure of merit Q/V of the
above topological cavities is not high, which extremely lim-
its the strength of light–matter interaction and restricts the
applications of topological photonic cavities in certain ar-
eas, such as Purcell enhancement,[51,52] strong coupling,[14,15]

nonlinear quantum optics,[105,106] etc. Recently, Qian et al.
propose a well-designed topological photonic hybrid structure
containing a plasmon nano-antenna and 1D topological PhC
nano-cavity, the sketch of the hybrid structure is shown in
Fig. 8(a). The localized surface plasmon resonances almost
do not have any influence on the edge state but the edge state
greatly changes the local field distribution of the surface plas-
mon resonances [see Fig. 8(b)].[139] Based on this mechanism,
an obvious absorption reduction in the spontaneous emis-
sion spectra occurs due to the near-field deformation around
the antenna induced by the edge state. Moreover, the large
Purcell factor reaches more than 104

γ0 due to the plasmon
antenna with ultra-small mode volume [see Fig. 8(c)].[139]
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Fig. 8. (a) Schematic diagram of a topological hybrid structure composed of a 1D topological PC, a sliver nano-antenna, and a quantum emitter.[139]

(b) The electric field |E| of the hybrid structure.[139] (c) Purcell factor with a topological PC as a function of λ .[139] (d) Schematic diagram of a 2D
topological photonic-plasmonic hybrid nanocavity. A quantum dot (red spot) is placed in the gap of the Au plasmonic bowtie nano-antenna.[140]

(e) Color map of coupling phase transition. Strong coupling area is marked as “S” (gc,m/κc,m > 1), and the weak coupling area is marked as “W”
(gc,m/κc,m < 1).[140]

Very recently, a two-dimensional topological hybrid
nanocavity has been designed, which has an ultra-high figure
of merit. The schematic diagram of the proposed structure is
shown in Fig. 8(d), it consists of a topological PhC nanocav-
ity and a gold (Au) bowtie nano-antenna. The highest figure
of merit Q/V of the topological hybrid nanocavity is obtained
when the length and gap of the Au plasmonic bowtie nano-
antenna are 50 nm and 5 nm, respectively.[140] Based on the
ultra-high figure of merit topological hybrid structure, the in-
teraction between a single quantum dot and topological hy-
brid cavity mode can be tuned. As is shown in Fig. 8(d), a
quantum dot (red dot) is placed in the gap of the Au bowtie
nano-antenna. The strong coupling and weak coupling can
be easily switched by adjusting the length and gap of the Au
bowtie nano-antenna, where “S” and “W” represent the strong
coupling area and weak coupling area, respectively and the
black dotted line represents the value of gc,m/κc,m equal to
1.[140] This work provides an efficient method to manipulate
coupling phase transition and will play a key role in quantum
information and topological lasers.

However, the reports of the topological hybrid systems
are very limited. The main tasks in future studies are to fabri-
cate the sample of the topological hybrid structures and experi-
mentally demonstrate the robust ultra-high figure of merit Q/V
in the topological hybrid systems. Once these problems have

been addressed, topological hybrid plasmonic-photonic cavi-
ties may find wide applications in integrated opto-plasmonic
devices for quantum information processing, nano-lasers, and
sensing elements for surface-enhanced Raman scattering.

5. Summary and outlook
The field of hybrid cavity systems based on dielectric mi-

crocavities and plasmonic nano-particles or nano-antennas has
made great progress over the past decades. This review has
introduced the photonic crystal microcavities, surface plas-
mon resonances, and photonic-plasmonic hybrid microcavi-
ties from physics to applications. The hybrid microcavities
play an important role in enhancing the light–matter interac-
tion and their advantages are presented in Table 1. Compared
with bare PhC microcavity, the hybrid microcavity based on
PhC microcavity possesses higher figure of merit Q/V . For
bare WGM microcavity and bare F-P microcavity, the figure
of merit Q/V is lower than that of hybrid microcavity based
on WGM microcavity and hybrid microcavity based on F-P
microcavity respectively. Besides, the strength of light–matter
interaction in hybrid microcavities is large enough to realize
strong coupling, such as in hybrid microcavity based on PhC
microcavity and hybrid microcavity based on F-P microcav-
ity. Since topology has promoted the growth of photonics by
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Table 1. The advantages of photonic-plasmonic hybrid microcavities.

Cavity type
Quality Mode volume Figure of merit Strong coupling Cooperativity

Ref.
factor Q V (λ/n)3 Q/V (λ/n)−3 realization parameter

L3 PhC microcavity 2.3×105 0.73 3.2×105 No – [65]

WGM microcavity 104 10 103 No – [62]

F-P microcavity 3.4×103 0.44 7.7×103 No – [68]

Hybrid microcavity based on PhC microcavity 9.8×104 1.2×10−2 8.4×106 Yes 6.4×105 [65]

Hybrid microcavity based on WGM microcavity 6.9×103 0.82 8.4×103 No – [62]

Hybrid microcavity based on F-P microcavity 980 9.6×10−4 1.0×106 Yes 2.7×105 [68]

enabling its robustness, the physics and applications of topo-
logical photonic crystal microcavities, and topological hybrid
microcavities have also been discussed, which provide robust
platforms to study the coupling between light and matter. As is
reported in previous works, the hybrid cavity systems indeed
have great advantages in enhancing the light–matter interac-
tion and are widely used in cavity quantum electrodynamics
(cavity QED), nonlinear optics, quantum information process-
ing, etc. In the coming years, the hybrid cavity systems still
have a great potential in realizing strong light–matter inter-
action since they can own the advantages of both dielectric
cavities and plasmonic cavities simultaneously.

However, there are also several challenges. One is the
mastery of controlled coupling between the dielectric cavities
and plasmonic cavities, which is determined by whether the
plasmonic antennas can place onto the right position of dielec-
tric cavities with high manipulation precision. Therefore, ma-
ture manipulation technology is critically important and novel
approaches must be developed to overcome the drawbacks of
self-assembly of hybrid cavities. Another one is the challenge
to integrate the hybrid systems with molecules and quantum
dots, which can indeed observe huge fluorescence enhance-
ment or other physical phenomenon based on the platform of
hybrid systems in experiments. If these issues have been ad-
dressed, hybrid cavity systems may find more applications in
integrated optical devices for quantum information process-
ing, nano-lasers, and sensing elements for surface-enhanced
Raman scattering.
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Liu Z and Yang L 2018 Photonics Res. 6 346
[39] Gorodetsky M L, Savchenkov A A and Ilchenko V S 1996 Opt. Lett.

21 453
[40] Vernooy D W, Ilchenko V S, Mabuchi H, Streed E W and Kimble H J

1997 Opt. Lett. 23 247
[41] Burek M J, Chu Y W, Liddy M S Z, Patel P, Rochman J, Meesala S,

Hong W, Quan Q M, Lukin M D and Lončar M 2014 Nat. Commun. 5
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