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Abstract
There have recently been remarkable achievements in turning light–matter interaction into
strong-coupling quantum regime. In particular, room-temperature plexcitonic strong coupling in
plasmon-exciton hybrid systems can bring promising benefits for fundamental and applied
physics. Herein, we review theoretical insight and recent experimental achievements in
plexcitonic strong coupling, and divide this review into two main parts. The first part briefly
introduces the general field of strong coupling, including its origin and history, physical
mechanisms and theoretical models, as well as recent advanced applications of strong coupling,
such as quantum or biochemical devices enabled by optical strong coupling. The second part
concentrates on plexcitonic strong coupling by introducing its unique features and new
potentials (such as single-particle ultrastrong coupling, strong-coupling dynamics in
femtosecond scale) and discusses the limitations and challenges of plexcitonic strong coupling.
This will also be accompanied by potential solutions, such as microcavity-engineered
plexcitonics, spectral hole burning effects and metamaterial-based strong coupling. Finally, we
summarize and conclude this review, highlighting future research directions and promising
applications.

Keywords: strong coupling, plexcitonics, quantum devices

(Some figures may appear in colour only in the online journal)

1. Introduction to strong coupling

One fundamental aspect of cavity quantum electrodynamics
(cQED) is the interaction between cavity photons and quantum
emitters (QEs). The interaction strength of this hybrid system
refers to the Rabi frequency, and it can be given by the rate
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∗
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of energy exchange between QEs and cavity photons [1–3].
Normally, the Rabi frequency is smaller than the decay rate
of either cavity photon or QE, so the interaction in this sys-
tem is classified as weak coupling. Traditionally, the study
of weak coupling has brought about a large range of applica-
tions, mainly based on emission enhancements of QEs [4]. On
the other hand, when the Rabi frequency is greater than the
damping rate of both cavity photon and QE, the interaction
between them is defined as the strong-coupling regime. Due
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to the unique characteristics of coherent energy oscillations
between cavity photons and QEs, the strong coupling can
respectively exhibit spectral Rabi splitting and oscillation in
frequency and time domains [5]. Various notable applications
have been realized based on strong-coupling systems, such
as precision measurement, quantum information transmission,
chemical and biological applications [6].

The strong light–matter interaction was first realized in the
microwave cavity [7] and then entered the optical frequency
region—the number of QEs in the strong coupling evolves
from multiple to single. In order to realize the strong coup-
ling in broadband and at the single-emitter level, various cavity
systems have been developed, for example, distributed Fabry–
Pérot (FP) cavity (micropillar or micropost cavity); microdisk
cavity based on whispering gallery mode (WGM); microcav-
ity based on photonic crystal and cavity systems composed
of metallic surface plasmon polaritons (SPPs) [8, 9]. These
systems have greatly enriched the research into cavities in
quantum optics with many fruitful results.

Despite the huge variety of strong-coupling systems, the
underlying physical mechanisms are, in fact, similar. In order
to lay the foundational understanding of the field, we intro-
duce a few representative theoretical models in section 1.1,
including classical, semi-classical and quantummodels. Then,
we will describe different optical strong-coupling systems,
including QEs coupled to plasmonic systems, QEs coupled
to dielectric microcavities, and modal strong coupling in
section 1.2. Subsequently, we point out the motivation for
pursuing strong-coupling research and summarize its applica-
tions from the aspects of enhanced optical processes, quantum
manipulations and quantum devices (e.g. optical switch, nano-
laser, quantum logic gate, quantum network), and chemical
and biological applications. With a sound understanding of
the strong-coupling research field, we devote the second half
of our review (section 2) to plexcitonic strong coupling, i.e.
QEs coupled to plasmonic systems. We highlight the unique
features and new potentials of plexcitonic strong coupling
(e.g. single-particle ultrastrong coupling (USC), coupling with
2D materials, femtosecond dynamics) in section 2.1; and
the key limitations (i.e. the plasmonic loss) and the poten-
tial solutions (e.g. microcavity-engineered plexcitonics, spec-
tral hole burning (SHB) effects, metamaterials for strong
coupling) in section 2.2. Finally, we briefly conclude the
review and provide our outlook on the strong-coupling field in
section 3.

1.1. Physical mechanisms and theoretical models

The coupling between an optical cavity, e.g. a metallic nan-
oparticle (MNP) plasmonic system, and a QE, e.g. quantum
dot (QD), as illustrated in figure 1, can be described by
three main theoretical models, namely the classical, semi-
classical and quantum models. The classical model can be
derived from simple coupled harmonic oscillators. The semi-
classical model treats QD as a two-level system and con-
siders the multipole mode of MNP excited by light. The
quantummodel also treats QD as a two-level system but quant-
ized the electromagnetic fields of the MNP plasmon mode.

Section 1.1 briefly introduces a few representative theoret-
ical models for each category and their underlying physical
mechanisms.

1.1.1. Classical models. Coupled harmonic oscillator is
an intuitive and popular model for many phenomena, for
example, electromagnetically induced transparency, level
repulsion, non-adiabatic processes, rapid adiabatic passage
[10], and in this review, strong coupling. As illustrated in
figure 1(a), the plasmon resonance of the MNP and the
excitons of the semiconductor QD are described classically as
two dissipative harmonic oscillators, with coupling strength of
g [11, 12]. The equations of motion for the two oscillators are
thus:

ẍSP(t)+ γSPẋSP(t)+ω2
SPxSP(t)+ gẍQD(t) = FSP(t), (1)

ẍQD(t)+ γQDẋQD(t)+ω2
QDxQD(t)+ gẍSP(t) = FQD(t), (2)

where xSP and xQD represent the oscillation amplitudes of sur-
face plasmon (SP) and QD, respectively, and FSP and FQD rep-
resent the normalized driving forces of these oscillations due
to the incident light. As the extinction of QD by itself is negli-
gible compared to that of the MNP, FQD(t)≪ FSP(t), we can
setFQD(t)≈ 0. For the incident light with a frequency ofω, the
driving force is FSP(t) = Re(FSPe−iωt). At steady state, both
xSP and xQD will follow this driving frequency:

xSP(t)

= Re

[
(ω2

QD −ω2 − iγQDω)FSP(t)

(ω2 −ω2
SP − iγSPω)(ω2 −ω2

QD − iγQDω)−ω2g2

]
,

(3)

xQD(t)

= Re

[
−igωFSP(t)

(ω2 −ω2
SP − iγSPω)(ω2 −ω2

QD − iγQDω)−ω2g2

]
.

(4)

The extinction of the incident light wave can be calculated
as,

Cext(ω)∝ ⟨FSP(t)ẋSP(t)⟩

∝ ω Im

[
(ω2

QD −ω2 − iγQDω)

(ω2 −ω2
SP − iγSPω)(ω2 −ω2

QD − iγQDω)−ω2g2

]
.

(5)

This classical analysis is intuitive and well suited for introdu-
cing the basic concepts of strong coupling systems [10–14].

1.1.2. Semi-classical models. From the perspective of semi-
classical models, the fields of the plasmon mode remain clas-
sically electromagnetic. However, the excitons in QDs are
treated as simple two-level systems (figure 1(b)). The Cou-
lomb interaction couples the excitons and plasmons, leading

2



J. Phys. D: Appl. Phys. 55 (2022) 203002 Topical Review

Figure 1. Schematic diagrams of theoretical models for strong coupling: (a) harmonic oscillator model, (b) semi-classical model,
(c) quantum model.

to the formation of plexcitonic strong coupling [15–18]. By
solving the optical Bloch equation in the steady state [19], the
optical response of this plasmon–exciton hybrid system can be
evaluated, leading to the prediction of many fascinating phe-
nomena, for example, the nonlinear Fano effect [15, 16, 20].

Taking the QD as an example of a simple two-level system,
the energies of the ground and excited states are respectively
denoted as E1 and E2. The frequency and the interband dipole
matrix element of an exciton are ω0 = (E2 −E1)/ℏ and µED.
The Hamiltonian for the QD is:

HQD = ℏω0â
†â−µEDEQDâ−µEDE

∗
QDâ

†, (6)

where â and â† are the annihilation and creation operators of
the excited state, respectively; EQD is the total electric field felt
by the QD; and one can calculate the electric dipole moment
of the exciton using the density matrix: PQD = µED(ρ12 + ρ21)
[19]. These matrix elements should be found by solving the
master equation:

dρij
dt

=
i
ℏ
[ρ,HQD]ij−Γijρij, (7)

where the diagonal and off-diagonal relaxation matrix ele-
ments correspond to Γ22 =−Γ11 = 1/T1 and Γ12 = Γ21 =
1/T2, respectively. Here, T1 is the longitudinal homogeneous
lifetime of the QD, and T2 is the transverse homogeneous life-
time [19]. According to equation (7), one can have:

dρ21
dt

=−iω0ρ21 +
iµEDEQD(t)

ℏ
(ρ11 − ρ22)−

ρ21
T2

, (8)

d(ρ11 − ρ22)

dt
=

2iµEDEQD(t)
ℏ

(ρ21 − ρ̇21)

− (ρ11 − ρ22)− (ρ11 − ρ22)0
T1

, (9)

where (ρ11 − ρ22)0 represents the initial population difference,
and it is set to be 1. Within the rotating-wave approximation,
the optical Bloch equation in the steady state can be solved
[19]. From equations (8) and (9), the polarizability of a QD
can be written as [21],

αQD =
µ2
ED

ϵ0ℏ
(ω−ω0)T2

2 +T2i

1+(ω−ω0)2T2
2 +

µ2
ED
ℏ2 |EQD|2 T1T2

. (10)

Then, the analytic expression of the extinction spectrum of a
QD can be obtained as,

(σext)QD =
k Im(PQDE∗

QD)

ϵ0ℏ

=
T2

1+(ω−ω0)2T2
2 +

µ2
ED
ℏ2 |EQD|2 T1T2

|EQD|2

|E0|2
. (11)

According to the optical theorem, the analytic expression of
the extinction spectrum of a coupledMNP can be given as [21],

(σext)MNP =
k Im(PMNPE∗

MNP)

ϵ0|E0|2
=
k Im(αE)|EMNP|2

ϵ0|E0|2
, (12)

where EMNP is the total electric field felt by the MNP, αE is the
electric dipole polarizability and PMNP is the electric dipole
moment, respectively. The polarizability αE can be obtained
by using Mie theory and the multipole decomposition method
[22–25].

A qualitative analysis to classify the optical responses of the
particle can be done by using this semi-classical model. Since
the electric field EQD appears in the formula for the polarizab-
ility and the extinction spectrum, the optical response of the
hybrid system depends on the strength of the external excita-
tion field. When the external field is weak, the imaginary part
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ofαE is greater than the real part within the plasmon resonance
peak, as suggested by equation (10), so the spectra provide
dip lineshapes. On the other hand, for strong excitation, the
real part of αE is greater than the imaginary part, and there are
asymmetric Fano lineshapes in the spectra [15, 21].

1.1.3. Quantum models. The quantum model treats the
exciton as a two-level system and views plasmonic systems
as lossy cavities with quantized fields (figure 1(c)). In recent
years, different quantum models have been developed and
applied to describe the plexcitonic hybrid systems, such as
quantum Langevin equations [26, 27], Zubarev’s Green Func-
tions [28–30] and the Markovian Lindblad master equation
[26, 31–34]. These methods can potentially address many
intriguing physics problems. In these methods, with the adop-
tion of the Jaynes–Cummings model [26, 35], the exciton and
plasmon are respectively considered to be a two-level system
and a single photonic mode with frequency ωp. The corres-
ponding Hamiltonian is,

H= ℏ
ωe

2
σ̂z + ℏωpâ

†â+ ℏg(σ̂−â
† + σ̂+â), (13)

where g is the coupling strength, and â† and â represent the
creation and annihilation operators of the quantum field. Also,
for the two-level system σz, its lowering and raising operators
are given as [26],

σ̂z =
|e⟩⟨e| − |g⟩⟨g|

2
, σ̂+ = |e⟩⟨g|, σ̂− = |g⟩⟨e|. (14)

In the following, we will highlight three widely used quantum
mechanical approaches.

1.1.3.1. Quantum Langevin equations. The Quantum
Langevin equation approach gives a physically intuitive pic-
ture of the interaction between an exciton and a plasmon.
This approach also provides a simple method for handling the
damping and excitation of the system. The optical pump is
the system’s excitation, and damping can be handled by open
system theory. TheMNPs can be damped both non-radiatively
due to Ohmic losses and radiatively due to dipole emission,
and the exciton is damped due to spontaneous emission. The
quantum Langevin equations in the frame rotating with the
pump read as follows [27]:

dâ
dt

=−
[
i(ω1 −ωp)+

κ1

2

]
â− igσ̂− + F̂1, (15)

dσ̂−

dt
=−

[
i(ωe −ωp)+

γe
2

]
σ̂− − igâ+

√
γinσ̂in,−(0)+ F̂e,

(16)

where the decay rate of the emitter is γe = γs+ γm, con-
sisting of the radiation to vacuum with rate γs and the dis-
sipation to plasmonic mode γm. The plasmonic mode has
two dissipation channels: radiation of rate κr and Ohmic

loss of rate κo, with the total decay rate κ1 = κr+κo; the
input operator σ̂in,− represents the optical pump to the emit-
ter at rate γin and frequency ωe; F̂e is the noise oper-
ator satisfying ⟨F̂†

e(t)F̂e(t ′)⟩ in the optical band so that it
can be neglected in the following [27]. The steady-state
solution is:

â=−ig
√
κinσ̂in,−(0)/β

′, (17)

σ̂− = i
[
(ω1 −ωp)− i

κ1

2

]√
κinσ̂in,−(0)/β

′, (18)

with β ′ = [(ω1 −ωp)− iκ1
2 ][(ωe −ωp)− κe

2 ]. The radiative
output power ϕr,0 = (

√
κrâ+

√
γsσ̂−)(

√
κrâ† +

√
γsσ̂+) and

the Ohmic dissipation power ϕd,0 = κ0⟨â†â⟩+ γm⟨σ̂+σ̂−⟩ of
the plexcitonic hybrid system can then be calculated [27].

It should be noted that the approach of using quantum
Langevin equations is more appropriate in the weak-field
regime. In the strong-field regime, however, it requires solv-
ing an infinite set of coupled differential equations. It is
also less reliable because quantum fluctuations can influence
and sometimes eliminate nonlinear behavior such as optical
bistability [26].

1.1.3.2. Zubarev’s Green functions. In 2011, Manjavacas
et al developed a fully quantum approach on the basis of
Zubarev’s Green functions to describe the coupling between
the plasmons and a single QE [29]. Liu et al generalized this
theory to the coupling between the plasmons and QEs [30].
The most attractive feature of this approach lies in the availab-
ility of a generalized analytical formula for the optical spec-
tra in a plasmon-emitter system. Due to the finite lifetimes of
the plasmons and excitons, a term Hdecay was added to the JC
model that contains inelastic interactions with a continuum of
modes. Thus, the Hamiltonian can be revised [30]:

H= H0 +Hint +Hdecay, (19)

where the non-interacting Hamiltonian of the QE and the plas-
mon is noted as H0 = εdd+d+ εcc+c. Herein, for the plas-
mon and the exciton of QE with energies of εd = ℏωd and
εc = ℏωc, their annihilation operators are defined as d and
c, and their creation operators are named d+ and c+. There-
fore, the Hamiltonian term describing the interaction between
the plasmon and exciton is Hint =−gdc [d+c+ c+d], with the
gdc being the plasmon–exciton coupling strength. The last
term Hdecay takes into account the dissipations of the hybrid
system [29, 30]. Two equations for the Green’s function are
derived as, [

ℏω− εd + δωd + i
Γd

2

]
⟨⟨d;d†⟩⟩ω+i0+

= 1−
n∑

i=0

gdci⟨⟨ci;d†⟩⟩ω+i0+ , (20)
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and

[
ℏω− εci +(1− 2nci)

(
δωci + i

Γci

2

)]
⟨⟨ci;d†⟩⟩ω+i0+

=−gdci(1− 2nci)⟨⟨d;d†⟩⟩ω+i0+ , (21)

which can give the retarded Zubarev Green function
⟨⟨d;d†⟩⟩ω+i0+ . According to the relation of the absorption
σ =− Im⟨⟨d;d†⟩⟩ω+i0+ , the absorption spectrum of the plex-
citonic system can be expressed as,

σ(ω)∝− Im

[
ℏω− εd + δωd + i

Γd

2

− (
√
Ngdc)2(1− 2nc)

ℏω− εci +(1− 2nc)
(
δωc + iΓc

2

)]−1

,

(22)

where the excitons are indistinguishable from each other and
N is the number of excitons [30].

Furthermore, the full quantum theory based on Green’s
function is a powerful theoretical tool for studying plasmon–
exciton systems. Beyond the strong-coupling systems, this
theory has been used to explain other quantum effects. For
example, Goker et al studied the evolution of the Fano res-
onance and the electron transmission in the plasmon–exciton
system under Coulomb blockade [36, 37] and the entropy
current [38] using the Green function method. In 2020, a
pseudo-particle nonequilibrium Green’s function approach
was developed by White et al [39] to study the coupling beha-
vior of a plexcitonic in a current-carrying junction. Mean-
while, Cohen and Galperin summarized various Green’s func-
tion methods used to treat single-molecule junctions [40].

1.1.3.3. Markovian Lindblad master equation. Quantum-
Langevin equations may not be ideal for performing the
full quantum calculation in the strong-field limit because
they require solving an infinite set of coupled differential
equations. Instead, it is easier to work with the Markovian
Lindblad master equation, and the solution can describe the
full quantum dynamics of the system, including quantum fluc-
tuations, to all orders [26]. TheHamiltonian can be rewritten as
[26, 31–34],

H= H0 +Hint +Hdrive = ℏωeσ
†σ+ ℏωpa

†a− ℏg(aσ† + a†σ)

−E0χ(a+ a†)−µE0(σ+σ†), (23)

where the system excitation by a classical input field can be
described by Hdrive. χ and µ are the dipole moments of MNP
and QE, respectively.

The Markovian Lindblad master equation is able to model
the dynamics of the system:

ρ̇=
i
ℏ
[ρ,H] +

γe
2
(2σρσ† −σ†σρ− ρσ†σ)

+
κ

2
(2aρa† − a†aρ− ρa†a), (24)

where γe is a dissipative rate of the emitter and κ is a dissipa-
tion rate of the plasmonic resonance.

The absorption Sabs(ω) and scattering Ssca(ω) can be calcu-
lated by employing the following formulas:

Sabs(ω)∝ ωRe

{ˆ ∞

0

〈
a(t)a†(0)

〉
eiωtdt

}
, (25)

Ssca(ω)∝ ω4

∣∣∣∣ˆ ∞

0

〈
a(t)a†(0)

〉
eiωtdt

∣∣∣∣2 . (26)

In addition to these widely adopted quantum models, there
have been continuous attempts to obtain more accurate and
computationally efficient models and algorithms in recent
years. In particular, plasmonic nanocavity is a non-Hermitian
system due to Ohmic and radiation losses. Simple real-
frequency eigenmodes insufficiently capture the electromag-
netic fields of plasmonic nanocavity. The recently developed
quasi-normal-mode (QNM)-based models can be used to cal-
culate plasmonic systems with the consideration of both the
absorption and radiation losses. The treatment of the QNM
fields andmore comprehensive introductions can also be found
in the recently developed QNM-JC model by Franke et al
[41, 42], where a symmetrization scheme has been introduced
to treat the creation and annihilation operators.

On the other hand, theMarkovian Lindbladmaster equation
can describe the full-quantum dynamics of plexcitonic hybrid
systems and numerically solve the complete master equation.
However, it has no analytical solution and requires a certain
number of calculations. This fact may bring about a chal-
lenge for more complicated plasmonic nanocavities or arbit-
rary electromagnetic environments. In 2021, Medina et al [43]
developed a framework to describe the interaction between a
single QE and an arbitrary electromagnetic environment based
on a few-mode master equation. They fitted a model spectral
density via Fano-diagonalization to the full spectral density
obtained from Maxwell’s equations. After that, it was pos-
sible to construct and parametrize a few-modemaster equation
that can be used to accurately describe the interaction of a QE
with its original surrounding electromagnetic environment.
This method has also been applied to calculate the population
dynamics in hybrid plexcitonic systems.

1.2. Different optical strong-coupling systems

This section focuses on experimental demonstrations of strong
coupling in different optical systems, such as QEs coupled to
plasmonic systems (section 1.2.1) or dielectric microcavities
(section 1.2.2), andmodal strong coupling between two optical
resonant modes (section 1.2.3).

1.2.1. QEs coupled to plasmonic systems. With the
improved fabrication techniques, strong couplings between

5
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Figure 2. QEs coupled to plasmonic systems: (a)–(d) LSPs, (e)–(f) localized surface plasmons (SPPs), (g)–(h) hybrid plasmonic systems.
(a) Individual Ag nanoprism coupled to the exciton from the nanolayer of J-aggregate molecule. Reprinted (figure) with permission from
[44], Copyright (2015) by the American Physical Society. (b) Ag bowtie antenna with QDs in the gap. Reproduced from [45]. CC BY 4.0.
(c) Isolated nanoparticle-on-mirror (NPoM) system. Reprinted by permission from Springer Nature Customer Service Centre GmbH:
[Springer Nature] [Nature] [46] (2016). (d) Single cuboid Au@Ag nanorod (Ag coated on Au nanorod) coated with J-aggregates. Reprinted
(figure) with permission from [30], Copyright (2017) by the American Physical Society. (e) Reflectometry experiment on TDBC and Ag
film. Reprinted (figure) with permission from [47], Copyright (2004) by the American Physical Society. (f) Attenuated total reflection
(ATR) configuration and the plasmon dispersion relation. Reprinted with permission from [48]. Copyright (2011) the American Chemical
Society. (g) Anti-crossing behavior in a Ag cylinder array coupled with organic dye molecules. Reprinted with permission from [49].
Copyright (2014) the American Chemical Society. (h) Excitons in a WS2 monolayer coupling with plasmonic nanoparticle arrays and a
resonant metallic microcavity. Reprinted with permission from [50]. Copyright (2018) the American Chemical Society.

plasmons and excitons have been well established in vari-
ous systems [2, 3, 6, 9, 51, 52]. In earlier studies, the SPP,
which is generated on the surface of a metal film under
external light excitation, was employed to couple with the
excitons in semiconductor or molecule layer [47, 53]. Later,
more research effort was devoted to studying the coupling
between excitons and LSPs in MNPs [54, 55], because of their
deep subwavelength mode volumes and the potential to push
strong coupling to the single-emitter level. In recent years,
extraordinary signs of progress in experimental technologies
and theoretical frameworks have enabled the field of strong
coupling to move one step further. Many new platforms have
been proposed, for example, QEs coupled with a single plas-
monic particle [44, 54, 55], plasmonic dimer [45, 56], NPoM
system [46, 57–60] and metasurfaces [2]. The emergence
of these novel platforms has greatly prompted the study of
quantum plasmonics, resulting in numerous achievements [2].

1.2.1.1. LSPs in MNPs. Despite the high Ohmic loss of
MNPs, LSPs can confine light on deep subwavelength scales,
breaking the diffraction limit. Therefore, MNPs provide a
universal material platform for strong coupling at ambient
conditions. In 2008, Ni et al demonstrated strong coupling
of plasmon–exciton hybrid states in colloidal Au nanorods

surrounded by a shell of dyes [54], which is the first study
to realize strong coupling in a single MNP. Since then, the
strong coupling has been demonstrated in various plexcitonic
systems [30, 44, 54, 55]. One representative study is the
strong coupling between the Ag nanoprism and the excitons
of J-aggregates, as shown in figure 2(a). The Ag nanoprism
had in a strong-coupling figure of merit Q/V (Q and V are
the quality factor and mode volume, respectively) of around
6× 103 µm−3/2, which is comparable to photonic crystals and
micro-ring resonator cavities [44].

Compared to single plasmonic nanoparticles, plasmonic
dimers are also well known for generating hot spots with
high intensity [45, 56]. It is, therefore, possible to realize
strong coupling in plasmonic dimers with a smaller number
of excitons (figure 2(b)). Although hot spots in plasmonic
dimers can support strong field enhancement, top-down fab-
rication such as e-beam lithography is extremely challenging
on the nanometer scale. In contrast, the bottom-up approach
enables a more precise spacing control between the nano-
particles and the metal films by coating them with insulating
layers [46, 57–60]. Similar to plasmonic dimers, another struc-
ture known as NPoM introduces a gap plasmon mode by pla-
cing a Au nanoparticle on top of a Au film. Using these NPoM
structures, in 2016, Chikkaraddy et al [46] reached the strong-
coupling regime at room temperature by observing clear Rabi
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splittings when the gap plasmon mode was coupled to only a
few QEs.

Despite the closed cavity, such as plasmonic dimer and
NPoM systems, from the perspective of integrating strong-
coupling systems for quantum chips or networks, it is essen-
tial to realize strong coupling in an open cavity system, for
example, the nanorod system. However, the mode volume is
relatively large for normal plasmonic nanorods (PNRs), mak-
ing them unsuitable for generating strong coupling at the few-
exciton level. However, it was found by Liu et al [30] that by
employing the Ag-coated Au nanorod (Au@Ag nanorod) with
sharp corners, optical fields can be highly localized, greatly
reducing the mode volume to a result similar to that obtained
by the NPoM structure. Therefore, room-temperature strong
coupling at the quantum limit has been realized by coating the
Au@Ag nanorod with J-aggregates, see figure 2(d).

1.2.1.2. SPPs on metal surfaces. Since the SPP energy
depends on its wave vector, it is possible to tune the SPP
energy by manipulating the incident angle of light [9, 61].
This property has been used to tune the surface plasmon reson-
ance energy across the exciton energy. Based on this mechan-
ism, strong coupling between SPP and the dye excitons was
first discovered by coating an Ag film with a thin layer of
organic dye in 1982 [53]. The SPP was excited via a prism,
and the angle of the incident light tuned its wavelength. The
anti-crossing curve was observed in that system. However, the
Rabi splittings were not very obvious. Following this work,
Bellessa et al [47] studied the coupling behavior in the system
constructed from the Ag film and the cyanide dye J-aggregates
deposited on its surface (figure 2(e)), obtaining a Rabi split-
ting energy of 180 meV at room temperature. Using a similar
experimental setup demonstrated in figure 2(f), Berrier et al
[48] observed the strong coupling between porphyrin dyes
and SPP supported by a thin Au nanofilm. By controlling the
external flow of gas, the coupling changed from weak with no
splitting to strong with Rabi splitting of 130 meV.

1.2.1.3. Hybrid plasmonic systems. Single plasmon mode
might not be an ideal platform for strong coupling. Thus,
some hybrid plasmonic systems supporting more complicated
hybridized plasmon modes have been proposed. For example,
periodic arrays of nanoparticles can excite the surface lat-
tice resonances (SLRs) [62–64]. SLRs having higher-quality
factors due to Fano interference of the LSPs, and the diffract-
ive modes provide the possibility of strong coupling with dye
molecules [49, 65–67]. Vakevainen et al [49] demonstrated
strong coupling between dyemolecules and SLR in cylindrical
Ag nanoparticle lattice, see figure 2(g). In another case, Bisht
et al [50] presented an alternative way to address the problem
of realizing strong coupling (figure 2(h)). This work is relevant
to the more general concept of microcavity-engineered plex-
citonics (see section 2.2.1 for more details), where a plasmonic
nanocavity is hybridized with a microcavity. The hybridized
optical cavity can take advantage of the ultra-confinement of
the plasmonic nanocavities, and a low dissipation rate of the
external microcavity [68].

1.2.2. QEs coupled to dielectric microcavities. Dielectric
microcavities can also highly localize light to small mode
volumes. Consequently, strong coupling has been realized
in systems consisting of QEs inside dielectric microcavities
[6, 73, 74], including an intracavity far-off-resonance trap
(FORT), photonic crystal, micropillar or microdisk resonators.
Let us elaborate on these examples one by one. Boca et al [69]
demonstrated the strong coupling of a single atom trapped in
a FORT (figure 3(a)), showing the transmission spectrum with
a clearly resolved vacuum Rabi splitting.

Photonic crystals provide an energy barrier for the propaga-
tion of guided electromagnetic waves [75, 76]. By leaving out
one or more holes, the 2D photonic crystals form a reson-
ant cavity having both high-quality-factor Q and small modal
volume V, which are favorable for realizing strong light–
matter interactions [70, 77–80]. In the photonic crystal sys-
tem, the strong coupling was first discovered by Yoshie et al
[70], and they employed the QD as the QE. The zero detun-
ing vacuum Rabi splitting was measured in their experiments,
with results of 2g= 41 GHz = 170 meV = 0.192 nm, see
figure 3(b).

The micropillar cavity can sustain extreme confinement
of the optical field in the growth direction due to the Bragg
reflector [71, 81]. Reithmaier et al [71] experimentally demon-
strated the strong coupling in a SQD—micropillar cavity sys-
tem. These micropillar structures have been optimized at a
diameter of 1.5 mm. The spectra, measured at different tem-
peratures between 5 and 30 K, are displayed in figure 3(c),
where a clear anti-crossing can be seen, signifying strong
coupling.

Microdisk devices confine electric field based on total
internal reflection, and they can support whispering-gallery
modes with Q-factors as high as over 10 000 [72, 82]. The
experimental demonstration of strong coupling in microdisk is
reported by Peter et al [72] in 2005, and their sample system
was a single GaAs QD inserted into a microdisk microcavity.
These QDs were inserted into microdisks where the electro-
magnetic field was strongly confined, and the energy match-
ing between QD and the microdisk was tuned by changing the
temperature. A clear anti-crossing strong-coupling behavior
can be observed (figure 3(d)) from the measured photolumin-
escence spectra.

1.2.3. Modal strong coupling. The concept of strong coup-
ling between QEs and cavities can also be extended to that
between two resonant modes in nanostructures. In analogy to
plexcitonics, similar effects, such as weak and strong coupling,
are expected to exist when placing a nanoparticle-exciting res-
onance mode into a cavity [83–85]. This modal strong coup-
ling between resonant modes can bring a series of applications,
such as enhancing photoinduced electron transfer, manipulat-
ing the dephasing time of plasmon modes, improving field
enhancement in a broadened band, and increasing quality-
factor Q [86–89]. Here, we will briefly introduce a few rep-
resentative examples.

As demonstrated in figure 4(a), strong coupling occurred
between the plasmon mode of the metal nanowire grating and
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Figure 3. QEs coupled to dielectric microcavities. (a) Rabi splitting for the system consisted of an optical microcavity and a single atom.
Reprinted (figure) with permission from [69], Copyright (2004) by the American Physical Society. (b) Anti-crossing curve for the system
with a single QD (SQD) coupled to a photonic crystal cavity. Reprinted with permission from Springer Nature Customer Service Centre
GmbH: [Springer Nature] [Nature] [70] (2004). (c) Strong-coupling behavior for the QD-micropillar system. Reprinted with permission
from Springer Nature Customer Service Centre GmbH: [Springer Nature] [Nature] [71] (2004). (d) Photoluminescence behavior at varied
temperature of a SQD implanted in a microdisk cavity. Reprinted (figure) with permission from [72], Copyright (2005) by the American
Physical Society.

Figure 4. Strong coupling between two resonance modes. (a) Strong interaction between the waveguide mode of TiO2 films and the LSP
resonance of the Au nanowire gratings. Reprinted with permission from [86]. Copyright (2016) by American Chemical Society.
(b) Observed splitting between the bare plasmon mode of Au nanorod array and the FP mode of Au mirrors. Reproduced from [87].
CC BY 4.0. (c) Extinction spectra of the Au nanoblock array with the Au film exhibiting Rabi splitting. Reproduced from [88]. CC BY 4.0.
(d) Strong coupling between Mie-like and FP-like modes in a dielectric resonator. Reproduced from [89]. CC BY 4.0.

the waveguide mode of the TiO2 films [86]. It is found that the
strong coupling of modes generates a reduction in the radi-
ative decay rate of the hybrid system, so that the interaction
alters the injection of plasmonic hot carriers into the TiO2

waveguide.

Baranov et al [87] realized the USC regime at ambient con-
ditions in a hybrid system inwhich the PNR arrayswere placed
inside a metallic FP microcavity, see figure 4(b). Based on the
definition of USC, the USC is reached when the value of inter-
action strength over the transition energy (g/ω) is over 0.1. In
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the measurements of Baranov’s experiments, the value of g/ω
is as high as about 0.55, deep in the USC regime. USC is a
special regime of electromagnetic interaction where numerous
intriguing phenomena can occur; more details of this topic can
be found in section 2.1.1.

Yang et al [88] realized the strong coupling between the
LSP resonances and the SLRs in Au square nanoblock arrays
with Au film. The anti-crossing behavior can be seen from the
extinction spectra presented in figure 4(c). Furthermore, it is
revealed that this hybridized mode can be used to modulate the
dephasing time of plasmonmodes, benefiting many plasmonic
applications [90].

High-index dielectric nanostructures can support the
unique optical properties of electric and magnetic Mie res-
onances, giving rise to a range of potential applications
[91]. Bogdanov et al [89] demonstrated strong mode coup-
ling between Mie and FP modes in dielectric cylinders, see
figure 4(d). The strong modal coupling can result in the high-
quality factors of the resonant modes due to the destructive
interference of the Friedrich–Wintgen bound states in the con-
tinuum [92].

1.3. Applications of strong coupling

Strong coupling provides a promising platform for studying
quantum sciences, such as quantum sensing, quantum inform-
ation processing and ultrafast spectroscopy. On the other hand,
it is also reported that generating strong light–matter coup-
ling can lead to the capacity to control the properties of
matter and chemical reactions, for example, modifying the
organic molecules’ complicated-level structure and boosting
the exciton conductance. Regarding this aspect of manipu-
lating matter by strong coupling, we refer interested read-
ers to a recent review [93] by Garcia-Vidal et al. Accord-
ingly, in this section, we will summarize the contributions of
‘why strong coupling’ from a broad range of strong-coupling
systems in the literature from three aspects: (section 1.3.1)
enhanced optical processes, (section 1.3.2) quantum manip-
ulations and quantum devices, and (section 1.3.3) chemical
and biological applications. We hope to inspire further applied
research in room-temperature plexcitonic strong coupling.

1.3.1. Enhanced optical processes. Studying strong coup-
ling in a wide variety of optical processes has made it easier
to observe interesting quantum effects, namely, vacuum Rabi
splitting [9], optical Stark effect (OSE) [94, 95], Bose-Einstein
condensates [96, 97] and quantum entanglement [98, 99].

1.3.1.1. Enhanced Rabi splitting. The strong coupling ori-
ginated from themulti-atom optical system [100, 101] andwas
realized in 1992 based on a single atom in a high-precision
optical cavity [102]. Since then, the realization of strong
coupling based on optical resonators has attracted increased
attention. In 2002, a strong coupling between emitters of
organic semiconductors and photons of a metal microcavity
was reported, which resulted in an astonishing Rabi splitting
phenomenon of 300 meV in the reflection and transmission

spectra at room temperature [103]. This strong-coupling effect
is much more prominent (more than twofold) than that in a
dielectric microcavity because the field in the metal microcav-
ity is strictly confined and thus larger. With the increas-
ing demand for local miniaturization of the optical field, the
strong coupling between plasmons and emitters has become
an active topic [104]. Creating a smaller mode volume in
the plasmonic nanocavity brings much greater field enhance-
ments. Another crucial factor affecting the coupling strength
is the large effective dipole moment. Emitters with large trans-
ition dipole moments, such as QDs and active molecules,
can benefit from the realization of strong couplings. In 2009,
an enormous Rabi splitting of 450 meV was observed in a
plasmon-exciton (organic semiconductor) nanosystem at room
temperature [105]. Subsequently, Schwartz et al [106] meas-
ured even more striking Rabi splitting of 650 meV at room
temperature using a low-Q metal cavity and photochromic
molecule system in 2011, see figure 5(a), which falls into the
category of USC.

1.3.1.2. Enhanced OSE. The OSE, closely related to
quantum information processing and ultrafast spectroscopy,
is a coherent nonlinear phenomenon caused by the interac-
tion between energy-level transition and the non-resonant light
field. With manipulating light at the nanoscale, the coup-
ling between light and matter is weakened as semiconductors
shrink in size. However, OSEmakes it possible formany emer-
ging semiconductor materials (such as transition metal dichal-
cogenide (TMD), colloidal QDs, lead halide perovskites) to
be useful in quantum devices. As shown in figure 5(b), strong
coupling between a plasmon and an exciton and the resultant
enhanced OSE was reported by Zhang et al [94]. They experi-
mentally demonstrated OSE in precisely engineered colloidal
metal-semiconductor hetero-core–shell nanostructures. The
enhanced OSE in Au-CdSe colloidal nanostructures exhibits
polarization dependence, which makes the quantum control of
spin feasible. The large optical dipole moment of molecular
aggregates allows them to explore the strong coupling between
plasmons and excitons. In 2015, Vasa et al [95] experimentally
measured the enhanced OSE in a strongly coupled nanosystem
of J-aggregation-metal for the first time. Coherent control and
OSE enhancement were performed by temporarily reducing
normal mode splitting instead of dressing exciton resonances,
achieving an enhanced OSE of 100 meV. It is also predicted
that more promising applications can be realized in various
emerging fields, such as quantum information processing and
ultrafast optical switching based on these integrated nanostruc-
tures with strong light–matter interactions.

1.3.1.3. Enhanced Bose-Einstein condensates. In modern
optics, an exciton-polariton can be considered a boson qua-
siparticle, which can carry out Bose-Einstein condensation at
high density. An inorganic semiconductor is a promising kind
of exciton source that was used in the early exciton–polariton
condensation experiments. In 2002, Deng et al [96] repor-
ted the work of Bose-Einstein condensation using semicon-
ductor as the exciton source. By strongly coupling the cavity

9



J. Phys. D: Appl. Phys. 55 (2022) 203002 Topical Review

Figure 5. Enhanced optical processes with strong coupling. (a) Strong coupling of photochromic molecules exhibiting Rabi-splitting
exceeding 700 meV. Reprinted (figure) with permission from [106], Copyright (2011) by the American Physical Society. (b) Enhanced OSE
in the colloidal metal-semiconductor hetero-core–shell nanostructures. Reprinted with permission from Springer Nature Customer Service
Centre GmbH: [Springer Nature] [Nature] [94] (2010). (c) Bosonic quasiparticles called plasmon–exciton polaritons (PEPs) are formed by
covering a periodic plasmonic nanorod array with a dye-molecule doped polymer layer at room temperature. Reprinted (figure) with
permission from [97], Copyright (2013) by the American Physical Society. (d) Scheme for the resonant coupling between QE ensemble and
a generic plasmonic cavity. Right inset interprets the two-level QE model. Reproduced with permission from [98]. [Reprinted with
permission from © The Optical Society].

optical mode to interband dipole moment, they observed the
phase transition of exciton-polaritons from a classical thermal
mixed state to a quantum mechanical pure state in a mul-
tiple GaAs quantum well microcavity. The strong coupling
between organic molecules and plasmon polaritons to form
bosonic quasiparticles has recently attracted increasing atten-
tion. Compared to their semiconductor counterparts, the lower
mass of plasmon polaritons provides an advantage for the real-
ization of condensation. In 2013, Rodriguez et al [97] invest-
igated a quantum Bose-Einstein condensation of PEPs in a
plasmonic nanoparticle array coated with a layer of organic
molecules at room temperature, see figure 5(c). The main
motivation of this work was to increase the density of PEPs by
pumping, so that the effective temperature of the system could
be close to the lattice temperature to produce a thermalization
effect. Regarding this aspect of exciton-polariton condensation
in lattices by strong coupling, we refer interested readers to a
recent review [107].

1.3.1.4. Enhanced quantum entanglement. Quantum entan-
glement, the key to quantum information processing, is expec-
ted to be applied to various novel quantum devices, such as
quantum computing and quantum communication. As demon-
strated in figure 5(d), Sáez-Blázquez et al [98] investigated the
quantum statistics of scattered light through the strong coup-
ling between a single plasmon mode and QE ensemble under

low coherence pump power, which also confirmed the genera-
tion of non-classical light at the nanoscale. This result lays the
foundation for the bosonization effects of a complex system
composed of plasmons and QEs. In 2018, Hensen et al [99]
verified enhanced quantum entanglement of a plasmonic cav-
ity doped with a QE system using simulations. They observed
a coupling strength of 16.7 meVwith a resonance line width of
33 meV and high-efficiency energy transmission between two
separated QEs with a plasmonic resonator, achieving strong
coupling and establishing quantum entanglement. Moreover,
the quantum network, consisting of discrete nodes linked
by entanglement, has become popular in recent years as a
route towards scalable quantum processors, secure sensor
networks and the ‘quantum internet’ (more information in
section 1.3.2).

1.3.2. Quantum manipulations and quantum devices.
Photon is a popular quantum information carrier. In cQED,
photons can be localized in a small space to achieve strong
photon–atom or photon–photon interactions to realize the con-
trol of quantum signals. Therefore, optical strong coupling in
microcavities or plasmonic nanostructures has broad applica-
tion prospects in quantum manipulation, such as processing,
transmitting and storing quantum information. Accordingly,
various quantum devices have been devised over the years.
For example, the realization of optical switches under
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Figure 6. Quantum devices of optical switch and nano-laser. (a) Fast electrical control in a the strong-coupling system with QDs and PC
cavities by employing the quantum-confined Stark effect (QCSE). Reprinted (figure) with permission from [108], Copyright (2010) by the
American Physical Society. (b) Working principle of the single-photon switch and transistor. From [109]. Reprinted with permission from
AAAS. (c) Scheme for an all-optic switch in which the stored gate photon can control the resonator transmission behavior of the applied
source photons. From [110]. Reprinted with permission from AAAS. (d) Simplified schematic of the one-atom laser and its intensity
correlation function g2(τ). Reprinted with permission from Springer Nature Customer Service Centre GmbH: [Springer Nature] [Nature]
[111] (2003). (e) Photonic crystal nanocavity laser and experimental evidence showing a direct transition from the strong coupling to the
lasing regime in the experimental photoluminescence spectra. Reprinted with permission from Springer Nature Customer Service Centre
GmbH: [Springer Nature] [Nature Physics] [112] (2010).

strong-coupling positively affects the control and transmission
of quantum information. Optical switches can also be applied
to quantum logic gates to realize the processing of quantum bit
signals in quantum communication and become a key part of
the construction of quantum networks. This section will exem-
plify a few quantum devices: optical switches, nano-lasers,
quantum logic gates and quantum networks.

1.3.2.1. Optical switch. Many researchers have implemen-
ted quantum optical switches using cavity QED in the strong-
coupling regime in recent years. As shown in figure 6(a), in
a strong-coupling system of an SQD and a photonic crys-
tal microcavity, its quantum states can be quickly electro-
optic modulated via the QCSE [108]. In another work [113],
when an atom trapped by a photonic crystal cavity is strongly
coupled to a single photon, the single atom can manipulate
the phase of the photon, and it can also modify the atom’s
phase in turn. Sun et al [109] demonstrated a quantum gate
device based on a strong-coupling system, in which a semicon-
ductor spin qubit is strongly coupled to a nanophotonic cavity
(figure 6(b)). This work demonstrated the potential of broad-
band quantum information processing enabled by controlling
photon–photon interactions in nanophotonic strong-coupling

systems. Chen et al [110] realized an all-optical switching
device based on a strong-coupling system of an atom and
photons in a microcavity. The resonator transmission is con-
trolled by a single stored gate photon, which is associated with
the collective atomic excitation, see figure 6(c).

1.3.2.2. Nano-laser. Conventional lasers typically operate
in the weak coupling regime. Since individual quanta hardly
influence the system dynamics, the optical processes usually
involve many atoms and photons. In contrast, in the case of a
strong-coupling system, the number of atoms and photons can
be small. In order to generate nano-lasers, strong excitation
should be applied to create the inverse of sustaining stimu-
lated emission. In 2003, McKeever et al [111] experimentally
realized a one-atom laser, which consisted of one atom isol-
ated in an optical cavity, and operated in the strong-coupling
regimes (figure 6(d)). Meanwhile, utilizing the cavity QED
in semiconductor nanocavities, laser oscillation was demon-
strated in the strong-coupling system of an SQD embedded
in a semiconductor nanocavity [112], as shown in figure 6(e).
In addition, Gies et al [114] introduced the QD micropil-
lar laser operated at strong coupling. Subsequently, in 2019,
the same team contributed a review [115] to discuss further

11



J. Phys. D: Appl. Phys. 55 (2022) 203002 Topical Review

Figure 7. Quantum logic gate. (a) Atomic-level scheme (upper) and measured-truth table (lower) of the atom–photon quantum gate.
Reprinted with permission from Springer Nature Customer Service Centre GmbH: [Springer Nature] [Nature] [118] (2014). (b) Setup and
energy level of a two-photon gateway generated by the strong-coupling system of a single-atom implanted cavity. Reprinted (figure) with
permission from [119], Copyright (2008) by the American Physical Society. (c) Artificial atom based on an optical cavity with strong χ2

nonlinearity. Reprinted (figure) with permission from [120], Copyright (2020) by the American Physical Society.

the QD micro- and nano-laser developments in recent dec-
ades, including the design, modeling, fabrication and quantum
optical characterization. As another new potential material
for quantum photonics, defect-enabled single-photon emitters
were reported in hexagonal boron nitride (h-BN) microdisk
resonators [116]. A quantum plexcitonic system with sub-
wavelength field localization was proposed to make the QEs
spatially distinguishable, opening the door to reconfigurable
quantum nano-lasers [117].

1.3.2.3. Quantum logic gate. In an optical strong-coupling
system, a single photon can be regarded as an independ-
ent qubit. Single-photon qubit has a prominent advantage in
quantum computation, e.g. the generation of many single-
photon pulses can contribute to an increase in the number of
qubits [121]. Interested readers may refer to a review [74] for
the applications of cavity QED in quantum computing. Briefly,
controlling the transmission, reflection and phase of a light
field via a single, strongly coupled atom is the premise of con-
trolling quantum information [122]. Combining these strong
optical coupling systems with atomic-state control enabled
the implementation of the atom–photon quantum gate [118]
as illustrated in figure 7(a) or photon–photon quantum gates
[119, 120, 123, 124], see two examples in figures 7(b) and (c).
In short, optical strong coupling can be an important prerequis-
ite for controlling quantum logic gate and realizing quantum
information processing.

1.3.2.4. Quantum network. Quantum networks allow users
to communicate and work in a whole new way compared

to current technology. Quantum many-body systems with
an efficient and reversible exchange of quantum information
between quantum states are the basis of distributed quantum
computing architectures and quantum communication. In par-
ticular, they require sufficiently large interaction strength.
Thus, optical strong coupling is one of the keys to obtaining
quantum memory devices [125] as exemplified in figure 8(a).
Strong coupling can be used to construct quantum network
nodes. As an example, a robust quantum network node was
fabricated by Brekenfeld et al [126], where two quantum chan-
nels generated by strong atom–photon coupling were con-
nected (figure 8(b)). In another example [127], single atoms
embedded in optical cavities functioned as universal nodes
capable of sending, receiving, storing and releasing photonic
quantum information, as shown in figure 8(c). For more relev-
ant works, we refer interested readers to a review on the applic-
ation of cavity QED in the strongly coupled state to quantum
networks [74].

Quantum devices based on strong coupling in dielectric
resonators can be mounted on a chip in combination with
dielectric waveguides and deployed for practical applications.
The strong-coupling system based on the dielectric struc-
ture has minor losses, but weakly interacts with QEs at the
same time [32]. To overcome this issue, plasmonic QED can
offer advantages over dielectric QED due to the nature of
the localization of the light field. Plasmons can localize light
below the diffraction limit and have been used widely in
photonic circuits to miniaturize them further [128, 129]. The
advanced architecture of plasmonic waveguides provides a
good trade-off between confinement and losses [130]. There-
fore, strong coupling in plasmonic systems has attracted
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Figure 8. Quantum network. (a) Single-atom quantum memory. Reprinted with permission from Springer Nature Customer Service Centre
GmbH: [Springer Nature] [Nature] [125] (2011). (b) Quantum network node that connects to two quantum channels. Reprinted with
permission from Springer Nature Customer Service Centre GmbH: [Springer Nature] [Nature Physics] [126] (2020). (c) Cavity-based
quantum network. Reprinted with permission from Springer Nature Customer Service Centre GmbH: [Springer Nature] [Nature] [127]
(2012).

increased attention in recent years [131–133] (more details in
section 2). It is anticipated that many applications listed in this
section can be extended to plasmonic QED systems and oper-
ate under ambient conditions.

1.3.3. Chemical and biological applications. In addition to
optical processes, strong coupling exhibits a strong near-field
enhancement effect, which may enhance the light absorption
in a structure, change the nonlinear coefficient of a mater-
ial and affect the rate of a chemical reaction—in short, con-
trolling the properties of matter and chemical reactivity [93].
Meanwhile, the Rabi splitting signifying the strong coupling
is sensitive to small environmental variations, which can be
employed in biochemical sensing. This section will briefly
discuss the applications of strong coupling in chemistry and
biology.

1.3.3.1. Quantum plasmonic sensing. Sensing technology
based on plasmonic resonance in nanostructures such asmetal-
lic thin films and nanoparticles has demonstrated fast, high-
sensitivity and real-time detection for various biochemical
analytes and species [138]. In particular, a recent review
[139] introduced both plasmonic and quantum techniques for
sensing and showed a way to combine them to improve the
performance of quantum plasmonic sensors that exceeded

traditional approaches. This quantum plasmon sensing is
believed to provide some uniquemechanisms for applying bio-
sensing or chemical sensing at the nanoscale. For example,
a three-level quantum system [140] is tailored to support
the quantum analog of super-states, and the strong coup-
ling of such a system with a cavity enables sensing prop-
erties with excellent statistical features. Strong coupling in
a bio-plasmonic system also enabled an ultra-sensitive sys-
tem for the real-time monitoring of H2O2 [141]. As shown
in figure 9(a), Kongsuwan et al [134] proposed a quantum
plasmonic immunoassay sensing scheme. The detection of the
target antigen was enhanced by the room-temperature strong
coupling between the QE label and a nanoplasmonic cavity. In
another study [142], the sensitivity of plasmonic-based sensors
was enhanced by the reduction of the losses in the metal layer
with the strong coupling in the hybrid plasmonic modes. Fur-
thermore, a quantum plasmon sensing system was demon-
strated by Qian et al [135], which was based on the photon–
exciton strong coupling in the gap plasmon nanosystem, as
illustrated in figure 9(b).

1.3.3.2. Chemical reactions. At molecular level, the strong
coupling between the molecular energy levels and the vacuum
electromagnetic field also has rich applications in chemistry
[93]. If the molecules are strongly coupled to a photonic mode,
it becomes possible to control the chemical reaction [143]

13



J. Phys. D: Appl. Phys. 55 (2022) 203002 Topical Review

Figure 9. Biological and chemical applications. (a) Schematic illustration of the setup for quantum plasmonic immunoassay sensing based
on a strong-coupling nanosystem. Reprinted with permission from [134]. Copyright (2019) American Chemical Society. (b) Schematic
diagram of the strong phexcitonic coupling system, which consists of a single QE coupled and the gap plasmon nanocavity constructed by an
Ag nanorod near an Ag nanowire. Reproduced from [135]. © IOP Publishing Ltd. (c) Enhanced water splitting enabled by the modal strong
coupling. Reprinted by permission from Springer Nature Customer Service Centre GmbH: [Springer Nature] [Nature Nanotechnology]
[136] (2018). (d) Plasmonic Au nanoparticle photocatalysts harvesting visible light for multi-electron, multi-proton reduction of CO2 to
yield C1 (methane) and C2 (ethane) hydrocarbons. Reprinted with permission from [137]. Copyright (2018) American Chemical Society.

and modify the organic molecules’ complicated-level struc-
ture [144]. It is found that the exciton conductance in organic
materials can be increased by orders of magnitude due to the
molecule-cavity strong coupling [145]. Similarly, in 2018, a
scheme to facilitate water splitting reactions was reported by
Shi et al [136], realized by the modal strong coupling between
a localized plasmon resonance and an FP nanocavity mode,
as shown in figure 9(c). On the other hand, the LSP reson-
ance can confine photons near the nanoparticle surface. The
light energy can be utilized to generate excited charge carriers
and heat. Plasmonic catalysts utilized these energetic charge
carriers (and the heat) to drive chemical reactions on their sur-
face [146]. In this sense, plasmonic photocatalysis naturally
involves strong light–matter coupling. A common application
of plasmonic photocatalysis is the catalytic degradation of car-
bon dioxide [137, 146, 147] with one example demonstrated
in figure 9(d).

2. Plexcitonic strong coupling

The first half of our review provides a general overview of
the research field of optical strong coupling. In contrast, this
second half will focus on strong coupling in plexcitonic, i.e.
plasmon–exciton systems. Specifically, we will highlight the
unique features and new potentials in section 2.1, together with
the limitations and potential solutions in section 2.2 for plex-
citonic strong coupling.

2.1. Unique features and new potentials

Plasmon is unique due to its terrific property of field confine-
ment. This advantage enables strength for USC and opens the
door to some new potentials. This section will introduce three
exciting research directions: (section 2.1.1) single-particle
USC (section 2.1.2) with 2D materials and (section 2.1.3)
femtosecond dynamics.

2.1.1. Towards single-particle USC. USC, understood in
quantum terms, is the magnitude of the coupling strength of
light and matter equivalent to the transition frequency of the
system. In recent years, circuit QED has become a popular
candidate for exploiting the interaction between light and mat-
ter in the USC regime. This opens up a new path for the study
of higher-order processes, such as hybrid quantum systems.
Like strong coupling, the common ways to achieve USC are
to (1) enhance the dipole moment of the QEs and (2) reduce
the mode volume of the cavity mode to introduce additional
degrees of freedom.

Based on the first approach, the USC phenomenon was pre-
dicted in 2005 [150] by a quantumwell with intersubband cav-
ity polaritons, where the 2D electron gas provided a guarantee
for the abundant exciton transition. It was not until 2009 that
Anappara et al verified USC in experiments. They constructed
a QED system using semiconductor microcavities doped with
a GaAs quantumwell and observed a normalized coupling rate
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Figure 10. Towards single-particle USC. (a) Strong coupling in the hybrid system of J-aggregate coated Au nanocube. Reproduced from
[60]. CC BY 4.0. (b) USC in coated nanocube-on-mirror. Reproduced from [148]. CC BY 4.0. (c) Single-graphene plasmon magnetic
resonance (GPMR) structure of graphene and single Ag nanocube. From [149]. Reprinted with permission from AAAS.

η = 0.11 [151]. Since then, the value of η = 0.1 has also been
recognized as a threshold at which USC can be achieved. For
the other aspect, several experiments in 2010 observed USC
based on the quantum-mechanical effects of superconducting
quantum circuits [152, 153], where the value can also reach
η = 0.1–0.12. These experiments [152–154] allowed high-
order interactions between the fields and the two-level sys-
tem.With the advancement of experimental methods, USC has
been achieved in many different systems over the past decade
[150, 155–157]. Some nontrivial phenomena (such as spec-
tral features, intensity modulation) have also been observed
[158, 159] and it could even modify the physical and chem-
ical properties of the system [145, 150, 155, 160]. To date, the
record normalized coupling rate remains at η = 1.43 [161].

The unique feature of strong field confinement of plas-
mons may lead us to USC at the single-particle level in plex-
citonic systems, which essentially shows quantummechanical
properties. The improvement of connecting USC with plex-
citonic nanosystems broadens the field of vision for the study
of quantum optical effects, such as the photon blockade [162],
higher-order JC ladder [163, 164], vacuum Rabi resonance
[165] and quantum meta-device [110, 113, 166]. Here, single-
particle means either single-emitter or single-plasmonic nan-
oparticle. To date, a few groups have already demonstrated
the strong-coupling phenomenon in plexcitonic systems com-
posed of single-exciton and single-plasmonic nanoparticle
[30, 45, 46], as introduced in figure 2 in section 1.2.1, rel-
evant to LSPs in MNPs. It is generally believed that redu-
cing the plasmon mode volume for enhancing the coupling
strength to conquer the damping rate of the plasmon is the

key to reaching strong coupling and moving towards the USC
regime. In a recent work, Song et al [60] achieved a large Rabi
splitting of 100–140 meV in a strongly coupled system con-
sisting of J-aggregates and a single Au nanocube (AuNC@J-
agg), as shown in figure 10(a). By introducing a Au film mir-
ror, they obtained a larger spectral splitting with a value of
377 meV. Based on a similar nanoparticle plexcitonic system,
Xiong et al [148] theoretically proved the possibility of single-
particle USC. A normalized coupling value of η= 0.12, which
represents a step into the USC regime, was predicted in the
configurationwith antennamode, which is aAu nanocubewith
multilayer exciton coating on a metal mirror (c-NCoM), see
figure 10(b). In 2020, Epstein et al [149] employed magnetic
resonators composed of graphene and single Ag nanoparticles
to achieve an ultrasmall mode volume confinement factor of
∼5× 1010. This hybrid structure provided a good platform to
study USC through GPMR, see figure 10(c). In short, we high-
light that ultrasmall mode volumes should be the key to advan-
cing the study of single-particle USC. Realizing USC in plex-
citonic systems based on single-particle will contribute to the
efficient integration of quantum meta-devices.

2.1.2. Coupling with 2D materials. 2D TMDs, such as
molybdenum disulfide (MoS2), tungsten disulfide (WS2) and
tungsten diselenide (WSe2), have attracted great interest
because of their visible direct bandgap transition [167],
high optical absorption [168, 169] and they are promising
for developing integratable atomically thin optoelectronic
devices. Benefiting from the development of growth and
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Figure 11. Tunable 2D material plexcitonic strong coupling. (a) Schematic of the system with a Ag nanorod on a monolayer WSe2 and a set
of dark-field scattering spectra of the Ag nanorod with an increased alumina coating. Reprinted with permission from [175]. Copyright
(2017) American Chemical Society. (b) Typical SEM image of a Ag nanodisk array patterned on monolayer MoS2 and angle-resolved
differential reflectance spectra of four different Ag nanodisk arrays with different disk diameters patterned on monolayer MoS2. Reprinted
with permission from [67]. Copyright (2017) American Chemical Society. (c) Temperature-dependent scattering spectra from an individual
Au-WS2 hybrid strong-coupling nanosystem. (d) Anti-crossing dispersion of the Au-WS2 hybrid strong-coupling nanosystem.
(c), (d) Reprinted with permission from [176]. Copyright (2017) American Chemical Society. (e) Temperature evolution of the dark-field
scattering spectra of the coupled system at T= 300,200,77 and 6 K. Reprinted with permission from [183]. Copyright (2017) American
Chemical Society.

defect characterization technology [170], 2D materials also
have more potential in quantum information science, such as
generating single-photon emission, forming superconducting
qubits, and serving as topological quantum computing plat-
forms [171]. In particular, plexcitonic coupling can be signi-
ficantly enhanced due to their large exciton binding energy and
in-plane dipole moment [172–174], enabling strong coupling
at room temperature [30, 175–181]. Strong coupling in such a
hybrid structure built with a plasmonic structure and TMDs
enables the investigations of nano-lasing, photon blockade
and single-photon emission, which affords innovative device
architectures and novel research perspectives in the realm of
quantum physics [182]; its manipulation is a vital issue worthy
of attention.

The development of modern nanoscience allows tailoring
the plasmonic structures, which can be considered as a pass-
ive (static) way to control the plexcitonic coupling [132].
Recently, plasmonic lattice resonance supported by plasmonic
nanoantenna arrays [67, 184, 185], which is highly depend-
ent on the structure parameters, incident angles and LSP
of each single nanoantenna [175, 176, 181, 186], has been
used to manipulate the plexcitonic strong coupling in TMDs.
Two examples are illustrated in figure 11(a)—a single Ag
nanorod with an increased alumina coating on a WSe2 mono-
layer [175] and figure 11(b)—Ag nanodisk arrays with dif-
ferent disk diameters patterned on MoS2 monolayer [67].
On the other hand, active (dynamic) manipulations have

received increasing attention in the field of strong coupling, for
example, reversible all-optical switching by photochemically
inducing conformation changes in the molecule [106, 187],
and polarization-controlled strong coupling in the hybrid sys-
tems of J-aggregates and LSPs [188, 189]. In this respect,
the unique properties of TMDs can significantly enrich act-
ive ways to control plexcitonic strong coupling, e.g. temperat-
ure tuning and electrical tuning. We will elaborate further as
follows.

In general, TMDs exhibit a transition from indirect band
gap in bulk form to direct bandgap as the thickness decreases
to monolayer [167, 168, 190]. Due to spatial confinement
and reduced dielectric screening, tightly bound excitons are
formed under stronger Coulomb interactions, where the oscil-
lator strengths are sensitive to the ambient condition vari-
ations. For example, excitons are sensitive to temperature vari-
ations. As illustrated in figures 11(c) and (d), by temperature
scanning, the strong light–matter coupling can be dynamic-
ally tuned [176, 183]. Meanwhile, both neutral and charged
exciton resonances are supported in TMDs. The electron–hole
pair can become bound to a resident electron or hole and form
a three-particle complex (a trion) or a charged exciton [191].
By tuning the temperature, Cuadra et al [183] observed a trans-
ition from plasmon–exciton interaction at room temperature to
three-body intermixed plasmon–exciton–trion at T = 6 K, see
figure 11(e). Compared to neutral excitons, charged excitons
can be tuned by varying the doping density of the materials
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Figure 12. Electrical manipulation of 2D material plexcitonic strong coupling. (a) Sketch of the hybrid plexcitonic system under electrical
back gating and the dark-field scattering spectra of hybrid monolayer WS2-Ag nanoprism systems under varied gate voltage. Reprinted with
permission from [179]. Copyright (2017) American Chemical Society. (b) Left: schematic diagram of the MoS2 monolayer-plasmonic
lattice system. Right: angle-resolved∆R/R spectra and the corresponding fitting results under different gate voltages. Reprinted with
permission from [199]. Copyright (2017) American Chemical Society.

electrically [192–195] or optically [196]. Li et al [196] demon-
strated that plasmon-induced hot electron injection and MoS2
exciton binding energy influences the optical absorption and
photoluminescence. Strong coupling with trions is especially
interesting since they form the so-called charged exciton–
polaritons, which can be manipulated by an external electrical
bias [197, 198]. Recently, a mixed three-body-coupled system,
plasmons–excitons–trions, was confirmed. Based on this, they
further demonstrated electrical manipulation of the coupling
process in the hybrid systems [179, 199], as shown in figure 12.

Most recently, the valleytronics of 2D TMDs has attrac-
ted significant attention. The broken inversion symmetry in
2D TMDs, such as monolayer MoS2, can lead to the valley
Hall effect, which means that under different in-plane excit-
ation, the carriers of different valleys can flow to opposite
transverse edges [203, 204]. The general physical mechan-
ism of the valley Hall effect has been proved in graphene sys-
tems, where inversion symmetry breaking gives rise to the
valley contrasted optical selection rules for interband trans-
itions at K points [203]. Moreover, due to the spin–orbit
coupling, the spin-up and spin-down energies at the K and
K

′
valleys are different, with the sign of splitting opposite

between these two valleys [205]. Thus, the inversion sym-
metry breaking together with spin–orbit coupling brings about

the coupled spin and valley physics in monolayer MoS2 and
other 2Dmaterials, generating the possibility for the valley and
spin control [203]. Bringing valleytronics to strong coupling,
Chen et al [200] established the existence of strongly coupled
valley-polarized exciton–polaritons in monolayers of MoS2
embedded in a dielectric microcavity. These hybrid light–
matter quasiparticles can be selectively pumped and probed
in photonic microcavities using circularly polarized light, see
figure 13(a). Chervy et al [201] achieved the valley polar-
ized exciton–polaritons by coupling monolayer WS2 with a
spin–orbit coupling plasmonic array, see figure 13(b). In addi-
tion, valley-polarized polaritons at room temperature have
been reported by Sun et al [202] in the strong-coupling sys-
tem constructed from valley excitons and cavity photons, see
figure 13(c).

2.1.3. Femtosecond dynamics. Static spectra measure-
ments can successfully demonstrate strong coupling based on
the signature of Rabi splitting. However, they cannot provide
further information on the dynamic energy exchange process
when coupling occurs, limiting understanding of the internal
mechanism. There are many studies about the decay dynam-
ics of hybrid states under strong [206–208] and USC [209]
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Figure 13. 2D TMD valleytronics for plexcitonic strong coupling. (a) Schematic of valley-polarized exciton–polaritons in a microcavity.
Reprinted with permission from Springer Nature Customer Service Centre GmbH: [Springer Nature] [Nature Photonics] [200] (2017).
(b) Real-space leakage radiation microscope images and angle-resolved absorption spectrum of the surface plasmons excited by incident
light with different polarization. Reprinted with permission from [201]. Copyright (2018) American Chemical Society. (c) Schematic of the
valley polariton phenomena. Reprinted with permission from Springer Nature Customer Service Centre GmbH: [Springer Nature] [Nature
Photonics] [202] (2017).

regimes on picosecond timescale, as shown in figure 14(a).
Hitherto, few studies have explored the energy exchange pro-
cess between strongly coupled systems from a dynamical per-
spective on femtosecond timescale—the typical timescale for
plexcitonic strong coupling.

In the strong-coupling regime, the coupling strength of the
QE and the optical cavity, which reflects the rate of energy
exchange between the QE and cavity photon [213], is greater
than the decay rate of the system. It is found that there are two
different channels for the energy transfer—a coherent resonant
dipole–dipole interaction and an incoherent exchange because
of one emitter’s spontaneous emissions and subsequent re-
absorption by another [210], see figure 14(b). Recent studies
have shown that the repopulation/depopulation of the upper
polariton/lower polariton induced by the incoherent coupling
process is the microscopic origin of the subradiance/superra-
diance of the hybrid states [214].

In a strong-coupling system, it is also possible to directly
observe the coherent energy transfer between the QE and the
cavity photon (i.e. the Rabi oscillations). By using the transi-
ent angle-resolved pump-probe spectroscopy technique, Vasa
et al [211] for the first time observed real-time ultrafast Rabi
oscillations in a plexcitonic strong-coupling system built by J-
aggregates and a plasmonic grating, as shown in figure 14(c).
Their results indicated coherent energy transfer between the
J-aggregated excitons and the SPP of the metal grating. They
also demonstrated that it is possible to manipulate the coherent

energy transfer by controlling the exciton density on a 10 fs
timescale.

This ultrafast modulation in the plexcitonic strong coup-
ling has been investigated in molecular aggregate-plasmonic
[215, 216] and TMD-plasmonic coupled systems [217], high-
lighting the promising future of ultrafast quantum plasmon-
ics. The properties of the medium around the molecule can be
changed by a pumping excitation, leading to ultrafast changes
in plasmon resonance [218]. Tang et al [219] proposed that
the non-equilibrium change in Coulombic screening induced
by nonresonant photo-excitation has an enormous impact on
the formation of the hybrid exciton–polariton state.

The study of the coupled system’s ultrafast dynamics
can help us improve the plasmonic hot-carrier devices. For
example, modal strong coupling between SPP and LSP can
promote the generation of hot carriers since SPP with a unique
nonradiative characteristic can capture and store the radiat-
ive energy of LSP, which helps the hot-carrier generation, see
figure 14(d). In addition, the vertical electric field enhance-
ment caused by coherent energy exchange in the strong-
coupling regime will promote the transfer of hot electrons
between the Au grating and the MoS2 monolayer [212].

2.2. Limitations and potential solutions

As shown above, plexcitonic strong coupling has excitedly
opened researchers’ minds to suppressing quenching
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Figure 14. Femtosecond dynamics. (a) Dynamic spectra of hybrid nanosystems with different coupling strengths. [209]
John Wiley & Sons. [© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (b) Schematic of a strongly coupled exciton and SPP
system. Reprinted with permission from [210]. Copyright (2014) American Chemical Society. (c) Coherent dynamics of exciton and SPP
Rabi oscillations. Reprinted with permission from Springer Nature Customer Service Centre GmbH: [Springer Nature] [Nature Photonics]
[211] (2013). (d) Diagrammatic model was proposed to describe the strong-coupling regime’s physical processes between LSPs and SPPs.
Reproduced from [212]. CC BY 4.0.

[220, 221] andmanipulating quantum qubits [99, 148] because
of the extreme field confinement of plasmonic cavities. How-
ever, this advantage takes effect only when a QE is placed
close to metallic surfaces and coupled to the metal conduc-
tion band states, which shortens the lifetimes of excitons
and brings in the decoherence issue [222, 223]. This hinders
the path to building a practical quantum system based on a
plexcitonic system. In addition to the traditional decay chan-
nels, e.g. Ohmic loss [224], inelastic scattering [225], and
many-body interactions at the surfaces [226] of plasmons,
decoherence of QE can also be caused by resonant electron
tunneling to metal [227]. Recently, some effort has been made
to overcome these loss effects and protect the coherence of the
plexciton. This section will introduce them to inspire further
research: (section 2.2.1) microcavity-engineered plexcitonics,
(section 2.2.2) SHB effects, and (section 2.2.3) metamaterials
for strong coupling.

2.2.1. Microcavity-engineered plexcitonics. One of the
potential solutions is to engineer the near field of a plex-
citon, that is, as a rising concept, introducing an external
microcavity [27, 50, 99, 180, 220, 228–230]. However, the
attempts to achieve these hybrid systems remain mainly the-
oretical efforts, awaiting more experimental evidence. Here,
we introduce several representative works to elaborate on how
microcavities improve the performance of the plasmon-emitter
system from different perspectives.

First of all, a simplified analytical model [27] has been
developed to describe a system of a microcavity-engineered
plexcitonic system consisting of an MNP interacting with a
QE, as demonstrated in figure 15(a). Based on the framework
of quantum models introduced in section 1.1.3, an additional
term of Hc = ωc ĉĉ† was introduced, characterizing the cavity

mode ĉ and its resonance frequency ωc. Thus, the interaction
Hamiltonian now reads HI = g1(â

†
1 + â1)(ĉ† + ĉ), where g1

represents the coupling coefficient between the LSP mode a1
of theMNP and the cavity mode. As illustrated in figure 15(b),
when a QE is taken into account, the quantum Langevin
equations can be given by [231]:

dĉ
dt

=−
(
iωc +

κc

2

)
ĉ− ig1 â1 − iJσ̂− + F̂c, (27)

dâ1
dt

=−
(
iω1 +

κ1

2

)
â1 − ig1 ĉ− iG1 σ̂− + F̂1, (28)

dσ̂−

dt
=−

(
iωe +

γe
2

)
σ̂− + iσ̂z(Jĉ+G1 â1)

−√
γinσ̂in,− + F̂e, (29)

where σ̂−, σ̂z and σ̂in,− are the operators of the QE; G1 is the
coupling coefficient between the MNP and QE; κc, κ1 and γe
indicate the decay rates; F̂c, F̂1 and F̂e are the noise operat-
ors. The calculation results of the full quantum model indic-
ate that the resonance can be well maintained since the oscil-
lator undergoes several periods as long as the Q factor is large
enough, as illustrated in figure 15(c). The anti-crossing pattern
in figure 15(d) totally indicates the impact of the pump, the QE
and the microcavity on the emission spectra through the vari-
ety of emitter-cavity detuning (defined as∆e,c = ωe −ωc) and
pump-cavity detuning (defined as∆p,c = ωp −ωc). The largest
quantum efficiency is recorded when the pump-cavity detun-
ing satisfies the achievement of maximum destructive inter-
ference, as ∆p,c =−Jg1/G1, where J is the coupling coeffi-
cient between QE and the microcavity. The model deduces
that strong coupling of the plexciton and microcavity causes
strong Rabi oscillation, thus resulting in coherence protection.
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Figure 15. Concept of microcavity-engineered plexcitonic coupling. (a) Schematic diagram of microcavity-engineered plexcitonic
coupling: a QE strongly coupled with an MNP. (b) Interaction among the cavity, the emitter and the MNP in the hybrid system. Microcavity
is represented by a peak of the density of states in a vacuum. (c) Emission power for the pump-emitter detuning. (d) Emission spectra of the
emitter with the change of pump-cavity detuning and emitter-cavity detuning (increasing from −10 meV (bottom) to 10 meV (top) with a
step of 2 meV. (a)–(d) Reprinted (figure) with permission from [27], Copyright (2017) by the American Physical Society. (e) Side view of
the FP-nanocone hybrid system. Inset: zoom of the nanocone coupled with an emitter close to its tip. (f) Normalized local density of states
(LDOS) for the FP-nanocone hybrid system, the bare nanocone and the bare cavity. Data points marked by black squares, green triangles
and blue circles are from the finite element method while the red lines are from QNM calculations. (g) Normalized radiative and
non-radiative LDOS versus s in the inset of (e) (distance from QE to tip of nanocone). (e)–(g) Reprinted with permission from [228].
Copyright (2018) American Chemical Society.

In another work, Gurlek et al [228] identified the interfer-
ence mechanism of a hybrid cavity-antenna structure on an
emitter through Green’s tensor and QNM [232]. As shown
in figure 15(e), an FP resonator is applied to produce the
cavity mode, coupled with a Au nanocone antenna with an
emitter placed at the cone’s tip. In contrast to the normalized
LDOS of the bare cavity and bare nanocone, the FP-nanocone
hybrid system exhibits a Fano-type splitting, as depicted in
figure 15(f). The cavity resonance is shifted due to the off-
resonant interaction, which is very attractive, as the combin-
ation leads to a significantly enhanced Fano peak and a large
extinction from the Fano dip, implying the existence of strong
coupling. By changing the position of the emitter near the top
of the nanocone, figures 15(g) and (f) infer an improved radi-
ation efficiency for the hybrid system at the Fano peak and sup-
pressed quenching at the Fano dip for s> 5 nm. These findings
are attributed to the strong concentration and de-concentration
of the field caused by interference between the nanoantenna
and cavity modes. In short, an FP mode, in this case, can
mostly collect radiative emission. This work also points out
that the radiation enhancement and quenching suppression can
bemanipulated and tuned by regulating the cavity length L and
emitter-antenna distance s [228].

Beyond theoretical understanding, there are few designs
on how to realize such a microcavity-engineered plexcitonic
concept. As an example, a hybrid system is designed to com-
prehensively describe the significant enhancement of emis-
sion rate under microcavity engineering [220]. As illustrated
in figure 16(a), an ellipsoid nanoantenna is placed on a

microdisk, where WGMs with high Q factor are supported.
Meanwhile, a coupled antenna-emitter system is built when a
dipole emitter is located along the long axis of the antenna.
The interaction between the WGM field and the antenna-
emitter coupling field results in a set of interval Fano res-
onances [233], whose emission enhancements are signific-
antly increased from bare antenna resonancewithoutWGM, as
shown in figure 16(a). Due to the strong coupling between the
WGM modes and the antenna mode, several new eigenmodes
of the hybrid system even yield strongly suppressed enhance-
ments exceeding the enhancement limit of a bare antenna,
agreeing with a super-emitter approximation [234, 235].

Another interesting hybrid system is using waveguide
modes to enhance the coupling between organic excitons and
LRSPs [229], which can be considered as a microcavity-
engineered system. As shown in figure 16(b), a thin layer of
J-aggregate dye is coated on a Ag nanofilm to construct a
plexcitonic system. A polyvinyl alcohol layer with a thick-
ness of 1.4 µm is bound on the top, providing waveguide
modes. Figure 16(b) also shows the dispersion images of the
hybrid system, and the experimental results (left figure) are in
good agreement with the simulation ones (right figure). The
branches in the anti-crossing pattern occur at 57.78◦, indic-
ating the presence of strong coupling [27]. The dispersion-
line width Γ is used to estimate the propagation length of
the LRSP by Γ = 2/LLRSP, which is deduced from the polari-
tonic dispersion lines in k-space. At the polariton wavelength
of 675 nm near Rabi splitting, the LRSP extension or the
polariton coherence length is deduced as 50 µm, which is
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Figure 16. Realization of microcavity-engineered plexcitonic coupling. (a) (Left) Scheme of a microcavity-assisted dipole antenna. (Right)
Comparison of emission enhancement in two systems, which are the hybrid system and the system with a dipole coupled to a bare antenna.
Inset: zoomed-in view of the peak with the highest emission enhancement (green), produced by the interference between antenna
enhancement (blue) and cavity enhancement (red). Reprinted with permission from [220]. Copyright (2016) American Chemical Society.
(b) (Top) Sketch of the long-range surface plasmons (LRSP) sample and the guided modes. (Bottom) Dispersion images of the LRSP
coupled with the guided modes in experiments and simulation. Reprinted with permission from [229]. Copyright (2018) American
Chemical Society. (c) (Top) Schematic of a patterned multi-layer WS2 grating on Au substrates. (Bottom) Simulated TM reflectance spectra
of the TMD exciton–polariton coupled with grating modes. Dashed lines and circles denote calculated absorption spectra and measured
peak positions from experiments, respectively. Field-line profiles of the upper polariton branch (UPB), middle polariton branch (MPB) and
lower polariton branch (LPB) in the cut-off region are marked as a triangle, diamond and cross in the reflectance spectra. Reproduced from
[180]. CC BY 4.0. (d) (Left) Side view of two gap antennas placed at the two foci of the Au plasmonic elliptical cavity. Inset: a zoomed-in
view of the right antenna, where the dipole source is sandwiched in a NPoM structure, considered a quantum emitter. (Right) Excited-state
population dynamics for the hybrid system. Inset: top view of the elliptical Au cavity. Reprinted with permission from [99]. Copyright
(2018) American Chemical Society.

increased by about one order of magnitude in contrast to con-
ventional SPP [236]. This work provides unambiguous evid-
ence of reduced losses in surface plasmons with the combina-
tion of guide modes and plexcitonic systems.

Unlike the two works above, the excitonic material itself
can be fabricated to provide cavity modes. Zhang et al [180]
etched periodic 1D gratings in multi-layer WS2 on Au sub-
strates in order to apply extra dielectric grating modes coupled
with the 2D TMDs-Au plexcitonic modes, as depicted in
figure 16(c). The system enters the strong-coupling regime
below a critical thickness of the WS2 layer (t= 15 nm), res-
ulting in the splitting of the upper exciton–polariton (UEP)
branch and the lower exciton–polariton branch. Figure 16(c)
exemplifies the case of t= 10 nm in the presence of grating
modes, showing the strong coupling of the three oscillators.
A new MPB is formed from the former UEP, exhibiting anti-
crossing patterns with both the new UPB and lower polari-
ton branch (LPB). The cutoff region, marked by a diamond
symbol, indicates that the coupling reaches a condition where
the lossyWS2 is prevented from electromagnetic field interac-
tion [237]. This corresponds to the field-line profile shown in
figure 16(c), where most field lines in the cutoff region take the
minimum superposition with the WS2 resonators, compared

to the case of UPB and LPB. This electromagnetic ‘invisib-
ility’ [238, 239] resulting from the extra grating modes, may
completely suppress the inherently strong exciton absorption
resonances of TMDs [240].

In addition to these structures, another exciting work
[99] demonstrated a potential application of microcavity-
assisted entanglement of QEs. Exhibited by the side view in
figure 16(d), the two same gap antennas are set at the two foci
of an elliptical Au cavity, separated by 1.8 µm. The detailed
structure of one gap antenna shows a quantum dipole emit-
ter coupled with the gap. Figure 16(d) shows the time resol-
ution of the excited-state population of the emitters after the
right antenna is ignited. Rabi oscillations of both remote emit-
ters are found with opposite phase shifts, indicating that the
two remote QEs resonantly exchange state populations with
each other. These phenomena reveal that the QEs are strongly
coupled over a spatial distance of 1.8µm, and a notable degree
of entanglement is generated in about 100 fs.

2.2.2. SHB effects. Instead of modifying the cavity, the
other research direction is to change the property of the QEs.
This idea brings up our topic of this section—SHB [241–243].
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Figure 17. SHB effect. (a) SHB effect in a hybrid plasmonic system. Two symmetric dips appear on the spectral density after SHB,
corresponding to the bleaching of the ensemble in selected frequencies in the coupling strength spectrum. (b) Normalized transmission
spectra of the cavity before and after SHB. Two sharp narrow peaks are found on top of the Rabi oscillation spectra with SHB. Position of
the two peaks corresponds to the bleaching windows in (a). (c) Dynamics of the cavity photon population after switching off excitation.
(a)–(c) Reprinted (figure) with permission from [244], Copyright (2021) by the American Physical Society. (d) Spectral transmitted
steady-state intensity detected without (blue) and with (green) an SHB pulse. Inset: schematic of the superconducting coplanar waveguide
resonator (Au-plated copper box) with the diamond sample (tiny black box) on top as a microwave cavity. Reproduced from [245].
CC BY 3.0. (e) Dynamics for a sinusoidally modulated weak pulse in the absence (above) and presence (below) of SHB. System decay rate
is Γ/2π = 1.45± 0.05 MHz. Two different decay rates are found after the application of SHB: Γ ′/2π = 0.55± 0.05 MHz is a reduced
system decay rate and ΓD/2π = 200± 10 kHz denotes long-lived Rabi oscillations. Reprinted with permission from Springer Nature
Customer Service Centre GmbH: [Springer Nature] [Nature Photonics] [246] (2017).

In this context, SHB is a technique in which an inhomogen-
eously broadened emitter ensemble is excited and saturated
by a sharp, high-intensity pump pulse. These saturated emit-
ters in the selected frequency window are unable to participate
in energy exchange and thus leave a narrow bleaching hole in
the absorption spectra, i.e. hole burning.

In figure 17(a), we show work on SHB in a hybrid
plasmonic system—a commonly used Au-nanoparticle dimer
[244]. Two symmetric holes are burned in the spectral dens-
ity of the emitter ensemble, equaling two symmetric bleached
frequency windows in the coupling strength spectrum. As dis-
played in figure 17(b), the corresponding transmission spec-
trum of the plasmonic cavity exhibits two sharp peaks in con-
trast to the spectrum without SHB, which indicates a pair of
unique dark states [247]. The excitation probability of the dark
states is canceled via strong interference, called coherent pop-
ulation trapping, also exhibiting the cancellation of absorp-
tion [239, 248] (e.g. splitting dip between two peaks of Rabi
oscillation [249]). However, in the presence of inhomogen-
eously broadened transition frequencies (e.g. Lorentzian dis-
tribution), the dark states are not completely decoupled from
other polariton modes, causing decoherence [250, 251]. When
SHB exists, the coupling strength distribution is changed, and
an anti-symmetric superposition of emitter dark states is cre-
ated at bleached frequency windows, namely, collective dark
states [246]. This pair of collective dark states is well isol-
ated from the remaining polariton modes. The broadening of
the peaks remains much smaller compared to the background

plasmonic polaritons before SHB. As the width of the corres-
ponding peak determines the decay rate, a significant increase
in the coherence time can be observed after SHB in the time-
domain study, as shown in figure 17(c). The dynamics con-
sist of a long-lived oscillation corresponding to collective dark
states and a short-time oscillation related to the remaining sub-
radiant states. This indicates that SHB contributes to the sup-
pression of decoherence.

Similar experimental phenomena have been observed in
electron spin ensembles for microwave photonics [246]. As
shown in the inset of figure 17(d), the sample placed in a
superconducting resonator is an enhanced synthetic diamond
crystal containing an ensemble of nitrogen-vacancy (NV) cen-
ter electron spins [250]. The main structure of the supercon-
ducting resonator is an r/2 transmission line, which passes
through the bottom of the sample to apply microwave res-
onance to the spin ensemble, to act as a cavity. The device
is operated at temperatures below 25 mK, driven by an RF
circuit for pump signal generation and probe signal detection
[246]. When the facilities are at work, the system can enter
spin-cavity strong coupling with a very weak signal drive and
benefit from suppressing dipole–dipole interaction and super-
position of a large number of NV spins. Therefore, the Rabi
splitting and a decay rate of Γ/2π = 1.45± 0.05 MHz can
be observed before SHB, as exhibited by blue lines. When an
SHB pulse is applied, two Fano-type sharp peaks arise on top
of the polariton modes, and the right peak even reaches the
limit of the transmitted steady-state intensity, as depicted in
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Figure 18. Metamaterials for strong coupling. (a) SEM image of the HMM structure with Ag and Ge multilayers. (b) Radiation quality
factor under different resonating wave vectors. (a), (b) Reprinted with permission from Springer Nature Customer Service Centre GmbH:
[Springer Nature] [Nature Photonics] [268] (2012). (c) Strong-coupling system consists of an HMM structure and a dielectric MQW slab,
together with the anti-crossing dispersion of this system. Reprinted (figure) with permission from [269], Copyright (2014) by the American
Physical Society. (d) Schematic of the active HMM and anti-crossing behavior of this strong-coupling system. Reprinted with permission
from [270]. Copyright (2018) American Chemical Society. (e) Schematic of the HNRs and the anti-crossing dispersion curve of the
HNR/QE system. Reprinted from [272], with the permission of AIP Publishing.

figure 17(d). Figure 17(e) exhibits the corresponding dynam-
ics after SHB, where the decay rate is significantly reduced.
The decay rate after SHB can be distinguished into two parts:
a reduced system decay rate Γ ′/2π = 0.55± 0.05 MHz and a
much slower decayΓD/2π = 200± 10 kHz, resulting from the
dark states created by SHB. The significantly increased coher-
ence time indicates that SHB can store and retrieve quantum
information for the spin ensemble.

2.2.3. Metamaterials for strong coupling. Employing
metamaterials is another constructive idea to address large
Ohmic-loss issues in plexcitonic strong-coupling systems. It
is found that hyperbolic metamaterial (HMM) is a promising
candidate [252–255]. The HMM is usually constructed from
hybrid metal and dielectric nanostructures, such as alternating
nanofilms of metal and dielectric or the metallic nanoarray
in a dielectric environment. Due to these artificial structures,
the principal components of electric or magnetic tensors in
HMM have opposite signs, leading to the unique property of
hyperbolic dispersion. This brings about the advantages of the
infinite photonic density of states [256–258], large electric
field enhancement [259–262], as well as broadband optical
manipulations [263–266]. Interestingly, Yang et al [267, 268]
also found that the large wave vectors caused by the hyperbolic
dispersion can strongly suppress the radiative loss of HMM’s
photonic mode. To be specific, figure 18(a) shows their HMM

structure consisting of Ag and Ge nanolayers. Due to the
property of hyperbolic dispersion, the HMM nanostructure
can enable the propagation of a wave with an extremely large
wave vector. Therefore, the radiation coupling between the
cavity mode and the incident plane wave is weaker, and the
radiative losses in these systems are intensely suppressed
because of the increased momentum mismatch [268]. Fur-
thermore, the authors discovered a universal fourth power law
between the vertical coupling radiation quality factors, see
figure 18(b).

The property of suppressed lossmakesHMMs favorable for
building plexcitonic strong-coupling systems. For example, in
the hybrid system of a multiple quantum well (MQW) slab
and an HMM structure, Shekhar and Jacob [269] observed
the strong coupling between the intersubband transitions in
the MQW and the bulk resonant mode of the HMM, see
figure 18(c). In 2018, Vaianella et al [270] investigated the
strong coupling in gain-enhanced multilayered HMMs. It
should be noted that since the external light can hardly inter-
act with the photonic mode of HMM due to the mismatch of
momentum [271], the dyes inside the HMM were pumped by
internal light-cone, as presented in figure 18(d). Despite these
HMMs with relatively large size, recently, Guo et al [272] the-
oretically proposed to construct a plexcitonic strong-coupling
system with the hybridization of a hyperbolic nanorod (HNR)
and the excitons of a molecule (serves as the QE). As the
HNR can have a small physical size of ∼40× 50× 60 nm3,
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it can be greatly beneficial for device miniaturization and
integration, see figure 18(e). Meanwhile, it is found that the
strong-coupling behavior of this HNR/QE system can be
observed under the excitation of a plane wave outside the
hybrid system. Furthermore, due to its lower loss than the PNR
with a similar size, the hybrid system of HNR/QE also shows
better performance in generating quantum entanglement than
the PNR/QE system.

3. Conclusion and outlook

This review focuses on the unique features, applications, chal-
lenges and opportunities for plexcitonic strong coupling. In
particular, the plexcitonic system holds the greatest potential
towards single-particle strong or USC, especially when LSP
resonances are involved. Each of these single-particle strong-
coupling systems may constitute a quantum computing node
in a quantum network. Combining nanophotonic structures
with 2D materials is particularly compelling because excitons
in 2D materials have large exciton binding energy and in-
plane dipole moment. The unique properties of 2D materi-
als can significantly enrich active ways to control plexcitonic
strong coupling, e.g. temperature tuning and electrical tun-
ing. The interface between 2D materials and nanophotonic or
plasmonic devices will introduce exciton confinement, poten-
tially achieving quantum light. Nanophotonics also offers
strategies to control strong optical nonlinearities by selective
field enhancement, which can be exploited to generate highly
entangled quantum states of light and quantum logic gates.
In addition to quantum manipulations and quantum devices,
the strong near-field enhancements associated with plexcitonic
strong coupling can enhance the light absorption in a struc-
ture, change the nonlinear coefficient of a material, and affect
the rate of a chemical reaction. The enhanced Rabi-splitting
due to strong coupling is also sensitive to tiny environmental
changes, enabling this type of effect to be applied in sensing.
If a QE is employed as a label for an immunoassay sensor,
one may achieve quantum immunoassay sensing to reach the
single-antigen detection limit. Moving forward, this approach
can be potentially applied to quantum objects, such as elec-
tronic spins in nanodiamonds, and allows for the possibility of
room-temperature quantum sensing.

In terms of challenges and opportunities, there are both the-
oretical and experimental perspectives. Theoretically, people
are looking at (1) QEs beyond the two-level approximation,
e.g. organic molecules possessing complex internal struc-
ture due to rovibrational motion; and (2) how to treat dis-
sipative electromagnetic systems, such as plasmonic systems,
more accurately. To highlight a few, the recently introduced
QNM-JC model [41] provides a rigorous theoretical frame-
work for studying plexcitonic strong coupling. A macroscopic
QED framework [43] established a few-mode master equation
to describe the coupling interaction between a single QE
and an arbitrary electromagnetic mode. More excitingly, this
method is particularly attractive in describing microcavity-
engineered plexcitonics. The tensor network framework (e.g.
matrix product state techniques) [244, 273] has the potential to

efficiently and accurately treat how a large collection of QEs
interacts with a complex nanophotonic structure.

Experimentally-wise, it is generally motivational to go bey-
ond conventional single-mode plasmonic structures. Instead,
more complex hybrid plasmonic structures (e.g. hybridiz-
ing LSPs and SLRs) or microcavity-engineered plexcitonic
structures (i.e. plasmonic-photonic structures), metamaterials,
topological and chiral platforms are under intensive explora-
tion for functional plexcitonic strong coupling. On the other
hand, researchers are looking at modifying the properties of
emitters (e.g. SHBeffects) to overcome the loss and deco-
herence issues of typical plexcitonic systems. More interest-
ingly, different types of QEs are suggested for building strong-
coupling systems. This fact provides an opportunity to make
heterogeneous QEs of different kinds and with varied mor-
phology and characteristics, to strongly couple with the same
photonic system [274], giving rise to more degrees of freedom
for quantum manipulation and shedding light on the innov-
ation of a novel integrated quantum optics device. Along this
direction, we envision a quantum network empowered by vari-
ous room-temperature quantum devices for us to have more
freedom to study quantum mechanics. Last but not least, the
femtosecond dynamics inherent to plexcitonic strong coup-
ling places a stringent requirement on time-dependent meas-
urement at sub-picosecond scales. Once achieved, it shall
help uncover ultrafast dynamics and enable sub-picosecond
quantum operations.
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