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Abstract: The interaction of exciton-plasmon coupling 

and the conversion of exciton-plasmon-photon have been 

widely investigated experimentally and theoretically. In 

this review, we introduce the exciton-plasmon interaction 

from basic principle to applications. There are two kinds 

of exciton-plasmon coupling, which demonstrate differ-

ent optical properties. The strong exciton-plasmon cou-

pling results in two new mixed states of light and matter 

separated energetically by a Rabi splitting that exhibits 

a characteristic anticrossing behavior of the exciton-LSP 

energy tuning. Compared to strong coupling, such as 

surface-enhanced Raman scattering, surface plasmon 

(SP)-enhanced absorption, enhanced fluorescence, or 

fluorescence quenching, there is no perturbation between 

wave functions; the interaction here is called the weak 

coupling. SP resonance (SPR) arises from the collective 

oscillation induced by the electromagnetic field of light 

and can be used for investigating the interaction between 

light and matter beyond the diffraction limit. The study 

on the interaction between SPR and exaction has drawn 

wide attention since its discovery not only due to its con-

tribution in deepening and broadening the understand-

ing of SPR but also its contribution to its application in 

light-emitting diodes, solar cells, low threshold laser, 

biomedical detection, quantum information processing, 

and so on.
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1   Introduction

Frenkel first proposed the concept of excitons in 1931 [1]. 

An exciton (an electrically neutral quasi-particle) is a 

bound state of an electron and a hole, which are attracted 

to each other by the electrostatic Coulomb force. The 

exciton exists in semiconductors, insulators, and some 

liquids, which can transfer energy without transport-

ing net electric charge [2, 3]. The decay of the exciton is 

limited by resonance stabilization because of the overlap 

of the hole and electron wave functions, which results in 

the lifetime of the exciton being extended.

Surface plasmons (SPs) are the collective oscillations 

of free electrons that are confined evanescently on a metal 

surface [4]. There are two kinds of SPs, which called local-

ized SPs (LSPs) and propagating SPs (PSPs; or plasmonic 

waveguide) [5, 6]. LSPs are oscillations of charge density 

that are confined on the surface of a metallic nanoparti-

cle. The resonant LSPs, known as LSP resonance (LSPR), 

result in a large enhancement of the localized electromag-

netic (EM) field, which is the underlying mechanism for 

surface-enhanced spectroscopy [7]. SPs, coupled with 

photons, can act as a collective excitation of conduction 
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electrons that propagate in a wave-like manner along an 

interface between a metal and a dielectric, known as SP 

polaritons (SPPs). SPPs are confined to the vicinity of the 

interface and can propagate along the metal surface until 

the energy dissipates either by heat loss or by radiation 

into free space [8].

The interaction of exciton-plasmon coupling and the 

conversion of exciton-plasmon-photon have been widely 

investigated experimentally and theoretically [9–31]. SP 

modes can coherently hybridize with molecular excitons, 

and its large oscillator strength can lead to a so-called 

strong coupling regime. In a strong exciton-plasmon 

coupling regime, a coherent coupling between LSPs and 

excitons overwhelms all losses and results in two new 

mixed states of light. Hence, matter is separated ener-

getically by a Rabi splitting that exhibits a characteristic 

anticrossing behavior of the exciton-LSP energy tuning 

[32–34]. In this regime, a new quasi-particle (plexciton) 

forms with distinct properties possessed by neither origi-

nal particle. In the weak coupling regime, the resonant 

molecules can be treated as dielectric materials with a 

complex refractive index (RI) in dispersion. Through the 

Kramers-Kronig relations, the wavelength dependence of 

the real part of the RI is related to the molecular absorp-

tion resonance as described by the imaginary part of the 

RI [35]. As a result, switching the molecular resonance 

can change the real part of the RI and thus cause LSPR 

peak shifts due to the sensitivity of the LSPR to the RI of 

the surroundings [36, 37].

These investigations can not only reveal the nature 

of light-matter interaction but also promote the applica-

tions of exciton-plasmon hybrids in the field of energy, 

catalysis, environment, and optical communications. 

In this review, we first introduce the basic principle of 

exciton and plasmon and then review recent progress of 

the applications of exciton-plasmon interaction in differ-

ent fields.

As we know, when the incident light illuminates the 

metal surface of conductor, it will cause the surface col-

lective oscillation of free electrons, which is the so-called 

LSPs or LSPR. The frequency of LSPR (ω
L
), also the fre-

quency of free electrons on the surface of metallic (such 

as silver and gold) nanoparticles, can be well controlled 

by tuning the sharp size of nanoparticles and chang-

ing the surrounding dielectric medium [38–40]. At the 

resonance condition, incident photon energy can be effi-

ciently confined into small area by LSP mode, which can 

also enhance the local EM fields [41]. Strong EM fields can 

also be monitored under the influence of the properties 

of light-matter interaction in systems, quantum-confined 

nanostructures [42, 43], and other excitonic systems.

2   Basics of the physics

2.1   Brief introduction to SPs

SP has aroused much attention since its discovery. The 

appearance of SPs is due to the collective oscillation of 

free electrons between the metal and dielectric media. 

When the incident light with a fixed wavelength is irradi-

ated to the surface of the metal, it can result into enor-

mous enhancements of SPR [44] and localized field of 

EM on the surface of the metal. In addition, it is widely 

applied in surface-enhanced Raman scattering (SERS) 

and tip-enhanced Raman scattering (TERS) [45, 46]. Gen-

erally, SPs can be divided into LSPs and PSPs, and both 

their schematic diagrams are shown in Figure 1. In view 

of the unique properties of SP, it plays a key role in the 

spectrum of science ranging from physics to biology [48].

2.2   Brief introduction to surface exciton

The surface of solid that is illuminated by a beam of inci-

dent light will produce a bound pair of electron hole due 

to the absorption of photons [49, 50]. In the meantime, 

the electrons of the conduction band and the holes of the 

valence band form a new bound state due to the Coulomb 

interaction, which is often called exciton.
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Figure 1: Sketches of the mechanism of LSPs, PSPs.

(A) LSPs are collective oscillation of free electrons confined on the 

surface of metal nanoparticles and (B) PSPs are excitation of collective 

electrons that can only propagate near the vicinity of the interface [47].
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Normally excitons are divided into two categories, 

named Wanner [51] and Frenkel [52] exciton, respectively. 

The former is mainly present in semiconductor materials, 

which has the similar characteristics of weak Coulomb 

interaction and wide distribution of electrons and holes. 

The latter is generally present in insulating materials, 

which has the characteristics of strong Coulomb interac-

tion, and the electrons are bound in somatic cells as well 

as the holes.

This field has attracted the attention of researchers 

and a series of studies have been carried out [50, 53–55]. 

Excitons are well suited to describe the optical properties 

of semiconductors. Because the bound energy of exci-

tons is very high, the free excitons are more easily to be 

bound to the impurity; hence, the luminescent center 

formed. Simultaneously, the excitation effect has a signifi-

cant influence on luminous, light absorption, and optical 

nonlinear effects in semiconductors [56, 57]. This finding 

paves the way to the development and advanced research 

of semiconductor optoelectronic devices.

2.3   Brief introduction to the interaction 
between LSPs and excitons

When the resonant frequency of the SP is very close to 

the frequency of the molecular energy level, the exchange 

energy between LSPs and excitons becomes an important 

factor affecting their interaction. At this point, the interac-

tion between LSPs and excitons has not been explained 

by the dielectric function. Moreover, according to whether 

there is perturbation between wave functions, the coupling 

between LSPs and excitons can be divided into strong cou-

pling and weak coupling [58]. When the molecule and the 

SP are coupled into a hybrid state, there is a perturbation 

between wave functions. The resonance exchange energy 

occurs between the upper and lower levels of the newly 

formed hybrid state (also called Rabi oscillation), which 

can be described as strong coupling. The strong coupling 

phenomenon can be proven by Rabi splitting in the sta-

bility spectrum [59] and the anticrossing phenomenon of 

the energy corresponding to the splitting peak at different 

coupling intensities [60]. When we talk about using SPs 

to promote absorption [61], SERS effects [62], fluorescence 

[63], and fluorescence quenching [64], the interaction that 

has no perturbation between wave functions can be called 

as weak coupling.

The interaction between LSPs and excitons in semi-

conductor nanostructures can achieve their comple-

mentary advantages on optical performance, such that 

the lifetime of excitons is prolonged in semiconductor 

nanostructures as well as the yield of quantum is greatly 

increased [65, 66]. Metal nanostructures can produce the 

energy of localized EM field and enhance the intensity of 

electric field [67] and the nonlinear effect [68]. In view of 

the superior nature of these two materials, it is proposed 

that these two materials can be combined in a systematic 

manner. Therefore, we can achieve a composite structure 

with specific optical properties and can observe the new 

phenomenon of the interaction between SPs and excitons 

[69–72].

3   Strong exciton-plasmon coupling

The strong coupling of exciton-plasmon is achieved when 

the energy that transfers between the light and exciton is 

larger than their average dissipation, with the formation 

of a matter-light hybrid state and a new quasi-particle 

(plexciton) with distinct properties possessed by neither 

original particle [73]. In strong coupling regime, the new 

model, which has different properties of the two resona-

tors involved (the resonators are photons and excitons, 

respectively, where we assume in the semiconductor 

resonator), results in a series of interesting phenomenon 

and shows great value in different areas of application 

[74]. A new polaron is formed by the interaction between 

light and excitons, and the formation may also lead to the 

Bose-Einstein condensation [75]. In the field of quantum 

information, strong coupling can achieve quantum coher-

ent oscillation, which plays a key role in quantum infor-

mation processing [76]. Moreover, the EM environment of 

fluorophore can be changed by strong coupling [77], so it 

can be used to change the threshold of the chemical reac-

tion and control the rate of chemical reactions. The strong 

coupling of superconducting quantum bits and micro-

wave can be applied to routers [78], photon detectors [79], 

and single-photon switches [80].

Generally, we introduce the interaction between light 

and matter as exciton-plasmon coupling in the microcav-

ity environment. Strong coupling is defined by the follow-

ing three important parameters [81]: g = energy transfer 

rate between light and matter, κ = rate of light escape from 

the cavity, and γ = rate of matter loses its polarization.

When the rate of the energy transfer between light 

and matter is faster than the other two rates, there will 

be a strong coupling. The energy exchange between light 

and matter will be periodical. At rate g when the matter 

and microcavity will resonate, the two new resonance fre-

quencies can be observed from reflectance and transmit-

tance spectrum (see Figure  2). The form of the resonant 

frequency can be expressed as
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ω ω ω= = ±
exciton cavity 0

 (new frequency).g

In strong coupling regime, the appearance of 

anticrossing dispersion is also called Rabi splitting [74]. 

First of all, we need to understand the Rabi oscillations.

3.1   Rabi oscillations

Generally speaking, when the laser illuminates the mate-

rials, there is a fluctuation of population between levels, 

of which the oscillation frequency is the Rabi frequency. 

The pulse time, which is less than the relaxation time of 

the medium, must be met and consider the damping to 

understand that the particle in the excited state of lifetime 

is greater than the time of pulse.

Many of the excitation of the electron systems can be 

well described by the liner response scheme, and the non-

linear interaction between light and matter is recognized 

as the origin of many physical processes [83]. Rabi oscilla-

tions, which occur between stationary states of systems of 

two-state quantum near an oscillatory driving fields and 

its energy transitions, are periodical. The form of the field 

can be written as

 0
( ) cos( )E t E tω=  (1)

With frequency close to the frequency of resonance 

|ω − ω
0
 |  ω

0
.

The interaction of Hamiltonian can well describe the 

interaction of atomic fields, where the form between the 

field and the atom can be written as

 ˆ ˆˆ ( ) ( ) cos( )I
H t d E t d tω= ⋅ = −  (2)

where d̂  is the operator of dipole moment. The form of 

total Hamiltonian of interaction of the atomic field system 

can be written as

 
atom field

ˆ ˆ ˆ ˆ ( )I
H H H H t= + +  (3)

where 
atom

Ĥ  is the Hamiltonian of free atoms, which can 

be written as

 
atom

1ˆ (| | | |)
2 eg

H e e g gω= 〉〈 − 〉〈ℏ

 
(4)

If we ignore the effects of quantum fields, Equation (3) 

can be changed into

 
atom

ˆ ˆ ˆ ( )I
H H H t= +  (5)

Combining Equations (2) and (4), we can obtain the 

final form of Ĥ

 ˆˆ | |  cos( )
eg

H e e d tω ω= 〉〈 −ℏ  (6)

Light: microcavity

ωcav
ωex ω

±

Matter: exciton Light and matter:

strong coupling

100

90

80

70

%
 R

e
fl
e
c
ti
o
n

60

50
500 550 600

Wavelength (nm)

650 700

50

40

30

20

%
 R

e
fl
e
c
ti
o
n

10

0
500 550 600

Wavelength (nm)

650 700

100

90

80

70

%
 R

e
fl
e
c
ti
o
n

60

50
500 550 600

Wavelength (nm)

650 700

Figure 2: Sketch of the reflectance spectra showing the results of the strong coupling of light and matter.

The microcavity (light) and matter (exciton layer) are provided with resonant frequencies of X
L
 and X

M
. When strong coupling arises, the 

integrated system represents new resonances at +

−
X  [82].
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The system state vector is

 

| ( ) ( ) |

( ) | ( ) |

k
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iE t

k
k

i t

g e

t c t e k

c t g c t e e
ω

Ψ

−

−

〉 = 〉

= 〉 + 〉

∑ ℏ

 
(7)

Substituting Equation (7) into the time-dependent 

Schrödinger equation,

 

| ( ) ˆ | ( )
t

i H t
t

Ψ
Ψ

∂ 〉
= 〉

∂
ℏ

 
(8)

Combining Equations (7) and (8), the amplitudes of 

coupled first-order differential equations are obtain as

 

ω

ω
−

= −
ɺ *

0
cos( ) eg

i t

e eg g

i
C E t d e C

h  
(9)

 
0
cos( ) eg

i t

g eg e

i
C E t d e C

h

ω

ω= −
ɺ

 
(10)

After expanding cos(ωt) and applying the rotating 

wave approximation (RWA), which means neglecting the 

quickly rotating terms, as the time evolution induced by 

the applied field is much slower than ω
0
, one obtains 

(introducing the detuning, ∆ = ω
eg

 = −ω)

 

∆−

= −
ɺ

ℏ

*

0
2

i t

e eg g

i
C E d e C

 
(11)

 0
g

C =
ɺ  (12)

Equation (2) is integrated to

 

∆
Ω 

= −   ℏ

*

0 R2 sin
2

i t
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e

id E t
C e

 

(13)

 

Ω ∆

∗

= +

ℏ

2

02

R 2

( )
eg

id E

 

(14)

Of which, Ω
R
 is the frequency of Rabi and ∆ is the Rabi 

splitting energy.

3.2   Rabi splitting

The strong coupling regime has caused a lot of attention. 

Thus far, the fields of research have focused on two major 

areas: solid physics (mostly semiconductor) and atomic 

physics. The former studies concentrated on the modified 

photonic gap in 3D structure [84] and spontaneous emis-

sion [85, 86]; the latter majors in the interaction of atom 

cavity [87].

In this review, we present an effect of solid-state 

quantum electrodynamics (QED) and a system of atom 

cavity can be created by placing the atoms into the optical 

microcavity. The splitting has been observed from both 

the atomic fluorescence spectrum [88] and the transmis-

sion resonances of empty cavity [89]. Simultaneously, the 

phenomenon of splitting called vacuum Rabi splitting 

(VRS) is used to describe the quantum properties of EM 

fields [90].

First of all, Rabi splitting must be understood when 

we want to study quantum cavity electrodynamics.

3.2.1   Quantum cavity electrodynamics

QED shows that the spontaneous emission of atoms is the 

process of interaction between atoms in vacuum fields. 

There are various EM coupling between atoms in free 

space, of which the spontaneous emissivity is irrevers-

ible [91]. Until 1995, Purcell [92] found that the spontane-

ous emissivity of the moment of magnetic in the resonant 

circuit increases compared to the free space. In the atom 

cavity system, the geometric length of the cavity can adjust 

the model of EM field density, affecting the cavity of the 

atomic EM coupling as well as changing the spontaneous 

emissivity of the atom. Through Milonni and Knight’s [93] 

further calculation, when half the wavelength of the spon-

taneous emission of atoms is larger than the length of the 

cavity, the spontaneous emission of the cavity atoms par-

allel to the transition dipole moment will be suppressed. 

In 1985, Hulet et al. [94] first discovered the role of cavity 

on atomic suppression. They placed a Rydberg atom in 

the high-quality cavity and successfully detected that the 

atomic energy in the cavity of the excitation life is 20 times 

in vacuum.

Recently, the coupling between the atoms in the 

cavity and the EM field becomes an important aspect of 

QED. In the experiment, the dielectric cavity not only can 

provide a specific mode of EM field but also can affect 

the distribution of the vacuum field, and the behavior 

can be attributed to cavity-QEDs [95, 96]. In this cavity-

QED system, the two quantum resonator systems that are 

coupled to each other can be seen as consisting of atoms 

and cavities, and the interaction between atomic and 

quantum single-mode EM exists as a continuous energy 

exchange. Hence, the state of the whole system is in the 

superposition of the two subsystems (coherent state). Of 

course, the continuous exchange of energy is an ideal 

phenomenon; indeed, the recent improved quantum 

system is still not completely isolated from the outside 

world.
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The coherent system that we have discussed is made 

up of the external environment and the cavity-QED system. 

As we all know, there is an interaction that exists between 

the system and the external environment, which will make 

them entangled [97]. If we ignore the external environ-

ment system, the entanglement will lead to a decreased 

coherence of the system itself, which is also named as 

the decoherent mechanism [98]. The existence of the 

decoherent mechanism can make the energy exchange 

between the atoms and the magnetic field weaker until it 

disappears. Nowadays, researchers seek a variety of ways 

to reduce the influence of cavity EM such as reducing 

the volume [99], coating [100], and superconductivity of 

cavity [101] to increase the coherence interaction intensity. 

When this coherent mechanism is dominated rather than 

the decoherent mechanism, we usually called it the strong 

coupling.

3.2.2   Strong coupling conditions of cavity-QED

The J-C model can well describe the interaction between 

atoms and cavities in the ideal cavity-QED system (ignore 

the existence of coherent mechanism), which can be 

written as [102]

 
1 1 0 1

1ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ[( ) ( )]
2

H aa g a aω σ ω ω σ σ
+ +

+
= + + + +ℏ

 
(15)

where â  and â+  are annihilation and generation, respec-

tively. ω
1
 and ω

0
 are the atomic transition frequency and 

resonant frequency of the cavity. 
1

ˆ ˆ, ,σ σ  and σ̂
+

 are the 

inversion, derating, and ascending of atoms. g(R) is the 

coefficient of coupling between atoms and cavities, which 

can be written as

 0
( ) ( )g R g RΨ=  (16)

where Ψ(R) is cavity function. g
0
 is the maximum coupling 

coefficient, whose form can be written as

 

1

2 2

0

0

0
2

g
V

µ ω

ε

 
=  

 ℏ
 

(17)

where V is the volume of the cavity and µ is the atomic 

transition dipole moment. Thus, it can be seen from 

Equation (17) that the coupling of the atomic and EM 

in the cavity increases when the volume of the cavity 

decreases.

As shown in Figure 3, κ is the attenuation coefficient 

of the cavity field. The lifetime of the atom in the cavity 

is represented by 2κ; however, the main factor affecting 

the life of the photon is the factor of quality (Q) of the 

cavity, and Q (Q = ω
0
/2κ) can determine whether the 

photon in the cavity disappears quickly or slowly due 

to various losses [104]. γ can be divided into longitudi-

nal attenuation γ
1
 and lateral attenuation γ

2
. According 

to the Weisskopf-Wigner theory, there is an interaction 

that exists between µ and γ
1
 (also known as spontaneous 

emissivity) [105].

 

2 3

0

1 3

0
3 c

µ ω
γ

πε
=

ℏ
 

(18)

where c is the speed of light in free space. The form of 

Equation (17) can be written as

 

1

2 2

1

0

3

8

c
g

V

λ γ

π

 
=   

 

(19)

At present, the optical cavity is widely used in the 

experiment, γ
2
 is the radiation transition; when we ignore 

the relative position, it can be considered as γ
2
 = γ = γ

1
/2. 

γ
1
 is used to represent the excited state of the atomic 

transition and the probability of radiating, which is 

determined by the Einstein spontaneous emission coef-

ficient (A), γ
1
 = A. When the parameters meet g

0
/(γ, κ) > 1, 

the interaction between the cavity field and the atom in 

the system is dominated by various decoherence mecha-

nisms; hence, the cavity-QED system exists in a strong 

coupling field.

3.2.3   VRS

The cavity-QED establishes a good cavity coupled with 

the atomic system, compared to an independent atom or 

cavity, and the quantum behavior of the coupled system 

is richer. In 1983, Wu et al. [106] found the splitting in the 

atomic spectrum VRS by studying the strong coupling 

Figure 3: Characteristic parameter diagram of cavity-QED.

g is the coupling coefficient of atomic and cavity EM fields. κ is the 

attenuation coefficient of the cavity field. γ is the dephasing rate for 

single two-level atom [103].



E. Cao et al.: Exciton-plasmon coupling interactions: from principle to applications      151

between atoms and cavity. Agarwal [107] proved that VRS 

can lead to bimodal characteristics of the transmission 

spectrum of the cavity.

In the past, the research in the field of cavity electro-

dynamics has focused on the atomic system [108], and 

new progress has been made through many quantum 

optics experiments [60, 109]. In cavity-QED, the quantum 

mechanism by studying the nature of the interaction 

between light and matter is explained by VRS. Fink et al. 

reported that quantum nonlinearity is obtained by observ-

ing the spectrum, and the atomic-photon superposition 

state involving up to two photons is explored using spec-

tral pumps and probe techniques.

Jaynes-Cummings Hamiltonian can well describe 

the dynamics of a system of two-level coupled to an EM, 

which can be written as [108]

 ω ω σ σ σ
+ + +

= + + +ℏ ℏ ℏ ℏ
0
ˆ ˆ ˆ ˆ ˆ ˆ ˆ

ij ij ij ij ij ij
H a a g a g a  (20)

where ω
0
 is the frequency of the resonator field and â+ 

and â  are the raising and lowering operators, respec-

tively. ω
ij
 is the frequency of transition between the 

ground state | i〉  and excited state | .j〉  g
ij
 is the strength 

of coupling between the two states. σ = 〉〈| |
ij

i j  is the cor-

responding operator. As we all know when g
ij
/(γ, κ) > 1, 

the strong coupling is limited. When ω
0
 = ω

ij
, in the case 

of n excitons, the coupled system has new eigenstates, 

which are antisymmetric 〉 − − 〉 ≡ +〉(| , | , 1 ) / 2 |i n j n n  

and symmetric 〉 − − 〉 ≡ −〉(| , | , 1 / 2 | )i n j n n  qubit-photon 

superposition states, respectively (as shown in Figure 4). 

At frequency 2g
ij
, n = 1, the VRS of these states can be 

observed (see Figure 4).

In a strong coupling system, coherent energy exists 

in an exchange between the cavity mode and the atom 

when the cavity mode resonates with the atom. The cor-

responding atomic energy level split, and two nondegen-

erate eigenmodes appear in the system, which correspond 

to the VRS of the two edge bands.

4   Application of strong coupling

4.1   Modification of the rate of chemical 
reactions

Just as the orbital of the molecule is formed by atomic 

exchange electrons, electron field occurs with the 

exchange of photons, and because of this behavior, the 

Figure 4: Diagram shows a resonant cavity-QEDs.

〉 〉| , | ,g f  and 〉|e  are uncoupled qubit states and 〉 〉|0 , |1 ,  and 〉|2  are photon states. ν
γ
 is the frequency of cavity and ν

ge
 is the frequency 

of transition between the ground state 〉|g  and the excited state 〉| .e  The blue line represents the dipole-coupled dressed states. 

The energy of all ground states is represented by black lines. Pump and probe transitions are given as (ν
g0,1−

, ν
g0,1+

) and (ν
1−, 2−

, ν
1+, 2+

), 

respectively [108].
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EM and quantum system can interact with each other. 

As mentioned above, when the interaction between the 

two systems is strong enough to overcome decoherence 

effects, the new hybrid state will be formed, which is 

called Rabi splitting (see Figure 5).

The premise of the emergency of strong coupling is 

that the material must be in the optical cavity. Generally, 

two parallel mirrors make up the cavity (see Figure  6), 

which can be tuned to resonance with the excited state.

Coupling to the vacuum field can cause the energy 

level of the molecule to be rearranged; hence, the reaction 

rates and yields can be modified. The reorganization of 

molecular energy levels can determine the role of strong 

coupling as to slow down or speed up the reaction rate 

[112]. In the vacuum field, both the thermo dynamics and 

rates of the reaction can be modified. In the vacuum field, 

the strong coupling of the reaction is obvious, such that 

the molecule retains its original electronic structure in 

the reaction and the rate of reaction can be increased by 

concentrating the light. Although in strong coupling the 

Rabi splitting and the spectrum shape can be predicted 

by the semiclassical theory, it cannot be used to predict 

their interrelationships, dynamics, and discrete states life-

time [113]. Coupling not only acts on the electron transi-

tion but also changes the reactivity of the chemical bond. 

As already mentioned, the strong coupling formed by the 

hybrid state can change the energy level and in principle 

can also change the system of electron affinity and ioni-

zation potential [114]. It is important to note that strong 

coupling is not limited to the configuration of Fabry-Perot. 

Any structure of photonics provides a resonance of suf-

ficiently sharp characteristic [115].

In summary, the cavity vacuum field for modifying 

the properties and chemical reactions of molecules puts 

a new tool into influencing useful reactions, with implica-

tions for molecular devices and materials science. There-

fore, it has a very great potential for the field of technology, 

which is worth of further exploration.

4.2   Quantum information processing

The fundamental and revolutionary results of the quan-

tification have not been raised until the first discovery of 

Shannon in 1948 [116]. Binary digit and bits as information 

carriers provide a way of how to distinguish information; 

even if there is noise, information can be faithfully trans-

mitted. Driven by this technology, the information pro-

cessing speed and computing power achieve exponential 

growth, as bits continue to be reduced to a single molecule 

size. At the nanometer scale, the classic Moore’s law began 

to hold sway (the days of Moore’s law are numbered) [98]. 

In the 1980s, Richard Feynman and Paul Benioff proved 

that the classic bits can still be manipulated and stored. 

Even if we find a way to reach the limit, there is no room 

for further gain in the absence of an atomic split.

Information science plays a major role in our lives. 

However, communication networks, electronic comput-

ers, and other electronic equipment have been closed to 

the information processing limit. Therefore, quantum 

information was generated and it has an advantage that 

classic information cannot complete, such as informa-

tion processing functions. Quantum information needs to 

be processed in the study of quantum information. At the 

same time, the hardware is essential; thus far, it has been 

proposed for the program cavity-QED [97, 117, 118], nuclear 

magnetic resonance [119, 120], and ion trap [121, 122]. The 

solution that is considered to be the most promising is cav-

ity-QED [112]. The atoms in the optical cavity are most suit-

able for quantum information storage. The main idea of 

cavity-QED has been confined as capturing atoms in high 

quality and storing the information on the atomic energy 

state. In the cavity, due to the coupling of atoms and cavity 

field mode, there is an interaction between atoms, so 

that we can use this scheme for the preparation of atomic 

entangled states (see Figure 7) to achieve the transmission 

of atomic information with the purpose of storage.

Here, we briefly describe how to use the scheme of 

cavity-QED to prepare atomic entanglement. We assume 

that the two atoms A and B are in ground state 
1

| i 〉  and 

Figure 5: Simplified energy landscape shows that there is an 

energy exchange between the transition (HOMO-LUMO) of mole-

cules and the cavity, which is rapid compared to energy loss.

Two hybrid states +〉 −〉(|  and | )P P are formed due to strong cou-

pling. Note that the coupled system ground-level energy 〉|0  may be 

modified by strong coupling [110].
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excited state 
2

| ,j 〉  and the cavity is in the vacuum field | .h〉  

Put the two atoms into the cavity at the same time, and let 

the atoms interact with the cavity after time t leaves the 

cavity. Then, the interaction between two atoms and the 

cavity field need to be described, and the evolution of the 

system state can be written as [124]
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Figure 6: Schematics of the mechanism of phonochromic conversion and related evidence.

(A) Schematic of the conversion of phonochromic between spiropyran (SPI) [44] and merocyanine (MC) in an optical cavity [111]. (B) Spec-

trum of transmission of the coupled system in the cavity. Noted that the initial mode of Fabry-Perot at 560 nm with the SPI to MC photo-

reaction proceeds to splitting and two new modes formed. (C) Measurement of the absorbance of MC. The red and green lines represent 

the uncoupled (bare molecules) and coupled system, respectively. For this case, the resonant frequency of the cavity is tuned to match the 

absorption frequency of MC at 560 nm, and the difference in the rate of increase of the coupling strength increases gradually. (D) In con-

trast, the rate of photoisomerization is identical to the sample of noncavity [110].
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 1 2 1 2 2 1
| | | [cos( ) | | sin( ) | | ]|i ti j h e t i j i t j i hλ

λ λ
−〉 〉 〉 → 〉 〉 − 〉 〉 〉  (21)

From Equation (21), we can see that, when λt is equal 

to π/4, we can get two atoms with the largest entangled 

state that can be written as

 1 2 1 2
| | | | | / 2i j j iΨ〉 = 〉 〉 − 〉 〉  (22)

Quantum information is an emerging science that uses 

the unique quantum mechanics of the physical system to 

store, process, encode, and transmit information [125, 126]. 

Quantum information shows a lot of novelty, such that one 

can establish a secure cryptography based on the quantum 

that cannot be cloned. Through the quantum stacking per-

formance, the operation rate can be rapidly increased. Dis-

tributed quantum computing can be achieved by quantum 

entanglement that can connect different quantum dots. In 

short, the development of quantum information science 

for the future development of information technology out-

lines the intoxicating blueprint.

4.3   Low threshold laser

The spontaneous emission of atoms act differently in 

microcavity compared to that in the free space. The micro-

cavity can enhance or suppress the spontaneous emission 

of atoms, so that spontaneous radiation can be a reversible 

process. The resulting cavity-QED can be used to explain 

the interaction between atoms with the field of cavity 

[127]. Here, we introduce an important  application – low 

threshold laser.

In 1917, Einstein discovered the existence of two 

kinds of excited atoms: spontaneous radiation and 

stimulated radiation. Since the invention of the laser in 

1960, researchers have focused on stimulated radiation 

to control the stimulated radiation process through the 

optical cavity as well as to make it dominate in the light 

process to produce a variety of new laser sources [128]. In 

1946, Purcell discovered that atoms that have spontane-

ous emission are not isolated but influenced by the envi-

ronment [129]. From the classic theory, we can consider 

the excited state atoms on the outmost electrons as min-

iature antenna. Radiation occurs in the form of EM waves 

[130]. However, even if the atoms in the excited state are 

placed in the microcavity corresponding to its excitation 

wavelength, it is also possible that the radiated photons 

cannot be stored because the boundary condition cannot 

satisfy its resonance requirement. Therefore, spontaneous 

radiation is suppressed [131].

When the length of the cavity is equal to the half wave-

length, the coherence between the spontaneous emission 

photons is obviously enhanced [132]. We consider an ideal 

microcavity, where all radiating photons are coupled into 

a single cavity resonant mode. When the coefficient of 

coupling of spontaneous radiation is infinitely close to 1, 

at this point, the laser output power and pump power are 

linearly related, and the threshold continues to decrease 

even to 0. For a closed cavity, the emission rate of a single 

atom can be expressed as

 c
( 1)V A S N= +  (23)

where A is the rate of spontaneous radiation and S and 

N are the number of photons and atoms, respectively. 

According to Equation (23), we can get the form of rate

 

( 1)
dN

H A S N
dt

= − +

 
(24)

and

 

( 1)
dN

A S N s
dt

κ= + −

 
(25)

where κs is the photon escape rate and H is the pump rate. 

The static solution of the equation

 

an
1

 
( )

d 
H H

s N
A H

κ

κ κ

= =

+
 

(26)

where H = κs, the output light intensity is proportional 

to the pump rate; at this point, the laser operates in a 

thresholdless state. H > κ, the excited state atoms appear 

saturated at the κ/A level. Low threshold lasers are an 

important application of microcavity to control spontane-

ous emission [130, 133].

Achieving resonance requires an increase of probabil-

ity of spontaneous emission at a particular wavelength by 

Figure 7: Several cone pairs can be seen along the direction of the 

optical axis.

The pairs of photon emitted along the cone intersections are entan-

gled in polarization [123].
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adjusting the size of the microcavity, and the spontaneous 

emission becomes a reversible process.

4.4   Promotion of chemical reaction

The collective oscillations of the free electrons on the 

conductor surface form the SPs. The hybrid excitation is 

obtained by coupling the SPs to the phonons, which can 

be called SPP. SPP can propagate between the medium 

and the surface of metal until the energy gradually disap-

pear [134]. Having described the basics of SPPs in Section 

2, a number of applications controlling their propagation 

in the context of waveguiding are emerged, such as SPR 

sensors [135], SERS [136], cloaking [137], and photother-

mal cancer therapy [138]. Nowadays, plasmonics applied 

in chemical reactions has aroused widespread concerns.

Plasmons in the first 1–100 fs [73] follow landau 

damping.  The thermal distribution of electron-hole 

pairs decays either through the reemission of photons or 

through carrier multiplication caused by electron-electron 

interactions [139]. Since 2010, Sun found the phenomenon 

that plasmon decay leads to the generation of hot elec-

trons, which has been widely applied to research on plas-

mon-induced surface catalytic reactions [28]. However, 

the conversion efficiency between SPs and hot electrons 

is typically weaker [140]. Therefore, a challenge needs to 

be solved, which is finding a way to increase the conver-

sion efficiency between SPs and hot electrons to acceler-

ate chemical reaction.

Ding et al. [141] constructed a hybrid system of silver 

nanowire and graphene, which was used to promote 

chemical reactions by extending the electronic life-

time. The advantages of this hybrid device are shown in 

Figure 8 through ultrafast pump-probe transient absorp-

tion (UPPTRA) spectroscopy and surface reactions on this 

hybrid nanostructure.

In the visible region (VIS)-near-infrared region (NIR), 

UPPTRA spectroscopy was used. The femtosecond-

resolved plasmon-exaction interaction of graphene-silver 

nanowire hybrids is experimentally investigated. From 

Table  1, the silver nanowire plasmonic lifetime is about 

150 ± 7 fs. For monolayer graphene, the fast dynamic 

process at 275 ± 77 fs is due to the excitation of graphene 

excitons and the slow process at 1.4 ± 0.3 ps is due to the 

plasmonic hot electron interaction with photons of gra-

phene. For the hybrid system of graphene-Ag nanowire, 

the time at which the hot electrons are transferred to the 

graphene via plasmon-induced is 534 ± 108 fs, and the 

time that graphene plasmon needs to be significantly 

enhanced through metal plasmon is about 3.2 ± 0.8 ps in 

the VIS, which can be used for plasmon-driven chemical 

reactions. This implies that the graphene-Ag nanowire 

hybrids can not only lead to a significant accumulation of 

high-density hot electrons but also significantly increase 

the plasmon-to-electron conversion efficiency due to the 

strong plasmon-exciton coupling.

5   Weak exciton-plasmon coupling

In 1974, Fleischmann first observed Raman signal enhance-

ment [142] on the rough silver film surface, and this is also 

the first report on the interaction of SP and organic mole-

cules. This finding facilitates the development of SERS. 

SP can achieve a great enhancement of the light field in a 

small scale to achieve the purpose of scattering enhance-

ment [143]. Besides SERS, another important form of weak 

coupling is the SP-induced enhancement of molecular 

fluorescence, which is divided into SP-coupled emission 

enhancement (SPCE) [144] and SP-induced absorption 

enhancement [145], respectively. Nowadays, the study of 

SPCE characterizes steady-state spectroscopy.

In the weak coupling regime, EM modes and wave 

functions of plasmons and excitons are unperturbed during 

exciton-plasmon interaction, which is usually considered 

to be the SP EM field with the exciton dipole coupling [146]. 

Drexhage has used this model to study the change in the 

excitation decay rate of the emission dipole near the surface 

of the planar region [147]. In general, in the weak coupling 

regime, the well-known phenomenon includes increased 

radiation rate, enhanced adsorption cross-sections, and 

energy exchange between exciton and plasmon.

We refer to the three important parameters of rate asso-

ciated with the coupling, which are traditionally called g 

(energy transfer rate between light and matter), γ′ (rate of 

spontaneous emission into free-space in the cavity), dif-

ferent from γ, and κ (rate of light escape from the cavity), 

respectively. One of the two main systems of cavity-QED 

is weak coupling, which is different from strong coupling 

(g is the dominant). In the weak coupling regime, any of κ 

and γ′ is greater than g.

Weak coupling has the characteristics of irreversible 

spontaneous emission, whether it is possibly suppressed 

[148] or enhanced [149], which makes it quite interesting.

5.1   Weak coupling conditions of cavity-QED

In 1995, Purcell [92] found that, when the atoms are 

in the microcavity or free space, there will be different 
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Figure 8: SEM image of silver nanowires, single-layer graphene, a single nanowire veiled with monolayer graphene, and UPPTRA 

spectroscopy.

(A–C) High-resolution SEM image of silver nanowires, graphene on SiO
2
/Si substrate, and a single silver nanowire is hybridized with 

monolayer graphene, respectively. (D) UPPTRA spectroscopy of silver nanowires excited by laser, of which the high excitation wavelength is 

400 nm and fitted dynamic curve at 532 nm. (E and F) UPPTRA spectroscopy of both VIS and NIR of graphene are excited by 400 nm laser and 

the dynamics was fitted at 532 and 1103 nm, respectively. (G and H) UPPTRA spectroscopy of both VIS and NIR of hybrid graphene are excited 

by 400 nm laser and the dynamics was fitted at 532 and 1103 nm, respectively.



E. Cao et al.: Exciton-plasmon coupling interactions: from principle to applications      157

spontaneous emission rates and the rate of nuclear mag-

netic transition in the cavity will be increased. To sum 

up, we know that spontaneous emission depends on the 

emitter and environment, where i is located, rather than 

just one the factor. The ratio between the free space and 

modified (place the atoms in the cavity) emission rates is 

called the Purcell factor. The form of Purcell factor can be 

written as [150]

 

γ

γ
=

0

g

g
F

 

(27)

where γ
g
 and γ

0
 are the spontaneous emission rate of the 

emitter that is not in the free space and that is in the free 

space, respectively.

As mentioned already, both the emitter and the envi-

ronment will effect decay rate γ and are spilt into two 

terms (decay rate from the excited state to the final state). 

We can use Fermi’s golden rule to calculate the radiation 

rate transition [151]:

 

2

cav2

( ) ˆ ˆ2 | | | |i E j
ρ ω

γ π µ= 〈 ⋅ 〉
ℏ  

(28)

| j〉  and | i〉  are the initial (excited) and the final state, 

respectively. µ̂  is the electric dipole, 
cav

Ê  is the operator 

of vacuum field, and ρ(ω) is the final state density of pho-

tonic. One can calculated ρ(ω) in vacuum by considering 

the EM modes within a cube of volume V,
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ω
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(29)

Note that V is arbitrary volume, which serves as a 

tool and will disappear. ρ
0
 is the local density of states for 

vacuum. On the contrary, the transition matrix element 

in Equation (23), averaged over all the possible direction, 

yields

 
µ

µ
⋅
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 µ = − 〈 〉| |
ij

e i r j  (31)

where r is the position operator and e is the electron 

charge. 
cav

E  is the vacuum electric field, which can be 

obtained from
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So,
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By combing the above equation, we can get the spon-

taneous emission rate of the emitter in the free space:

 

µ ω
γ
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ℏ
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0 3
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3

ij

c
 

(34)

In Equation (23), we can see that the zero-point fluctua-

tion of the EM field can cause the spontaneous emission 

of the excited state.

The same results happen when we place the emitter in 

the cavity [152, 153]. As the cavity itself can have different 

scales, shapes, and components, only specific modes of 

EM will be supported [154]. In short, if we only provided 

a cavity with only one single frequency, ω
c
, the states 

density, can be presented by the Lorentz equation:

 
2 2

c

1
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ρ ω

π ∆ω ω ω
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(35)

where ∆ω is the width of the local density of states 

maximum at ω = ω
c
. If we place an emitter into the cavity, 

ω
0
 = ω

c
, the occurrence of electronic transition, the cavity 

is tuned to the emission frequency, and the density of 

states ρ(ω
0
) can be written as

 
c

0

0 0

2 2
( )

Qω
ρ ω

π ω ∆ω ω π
= ⋅ =  (36)

Table 1: Fitted lifetimes of monolayer graphene, silver nanowires, and the hybrid system consist of silver nanowires and graphene detected 

in the VIS and NIR, respectively.

System   Spectrum range 

of probe light

  Lifetime of fast 

process τ
1
 (f

s
)

  Lifetime of slow 

process [τ
1
 (p

s
)]

Silver nanowires   VIS   150 ± 7 (4.4%) 

Graphene   VIS   275 ± 77 (22.4%)  1.4 ± 0.3 (27.9%)

Graphene   NIR   320 ± 46 (14.5%)  2.5 ± 0.6 (22.8%)

Silver nanowires/graphene   VIS   534 ± 108 (20.2%)  3.2 ± 0.8 (26.1%)

Silver nanowires/graphene   NIR   780 ± 92 (11.8%)  3.9 ± 0.9 (24.3%)
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Using Equations (24) and (30), we can also obtain the 

rate of decay of an emitter placed within a microcavity.
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Through Equations (21), (28), and (31), we can get the 

new concrete expression of the factor

 

λ

π
=

3
3

4
g

Q
F

V
 

(38)

V is the volume of the cavity, Q is the quality factor of the 

cavity, and λ is the wavelength related to the transition. F
g
 

describes how the presence of a cavity changes the spon-

taneous emission rate of the emitter. If F
g
 < 1, the spon-

taneous emission rate is inhibited; otherwise, the cavity 

enhances the emission. This formula of Equation (29) 

shows that the optical resonator can significantly increase 

the emission rate while compressing the light to a small 

range and storing it for a long time [155, 156]. However, the 

realization of these two goals in the strict sense is contra-

dictory, because the tighter confinement is always accom-

panied by high losses. At present, the modification of the 

emission characteristics is mainly focused on the study of 

resonators.

5.2   Application of weak coupling

The spontaneous emission of the material is due to the 

fact that the material itself interacts with the local EM 

rather than the inherent properties of materials [157]. The 

characteristics of spontaneous emission can be modi-

fied by changing the field of local EM [158]. Plasma metal 

nanoparticles and photonic crystals are two core struc-

tures of nanophotonics; the main effort is to change the 

spontaneous emission [159]. Although the technique 

of modifying spontaneous emission was achieved in 

40 years, its importance in the transition from photonics 

to nanophotonics is increasing nowadays. Besides, the 

length of optical structure is shorter than light.

5.2.1   SERS

SERS spectroscopy is developed in the field of metal 

plasma. The SERS effect is due to the fact that the mole-

cules are absorbed on the rough metal surface and the 

scattering is greatly enhanced [160–163]. The effects 

of SERS are generally divided into types, which are 

chemical enhancements and physical enhancements, 

respectively. The mechanism involves the excitation of 

the SP and chemical enhancement is associated with 

charge transfer, also known as charge transfer reso-

nance Raman [29, 164, 165]. When the incident light 

illuminates the metal surface, metal nanostructures 

have the ability to compress light into a small volume 

between two nanoparticles, and the EM field strength of 

the region is greatly enhanced to produce a hotspot (see 

Figure 9) [167, 168].

Under the mechanism of EM enhancement, the factor 

of SERS enhancement factor can be expressed as [169]

 σ ω σ ω=
EM 1 2

( ) ( )G  (39)

where σ =

2 2

,
L I

E E  and ω
1
 and ω

2
 are the frequencies 

of pump and Raman shifted, respectively. From Equation 

(39), the magnitude of the enhancement factor depends 

on the local EM field enhancement.

Figure 9: Sketch of the mechanism of laser irradiation to gold or sliver nanostructured surfaces.

The left image shows local surface plasmas caused by collective oscillations of charge on the surface of metal nanoparticles [47]. The right 

image is the distribution of the EM field intensity, which is simulated by the finite element method [166].
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When ω
2
 is much smaller than ω

1
, from Equation (39),

 =
4 4

EM
| | / | |

L I
G E E  (40)

From Equation (40), the enhancement factor can 

reach ∼106, even up to ∼1010–1012. If the isolated molecular 

Raman scattering is very low, it can be used to achieve the 

purpose of single molecule detection [170–172]. Although 

SERS has demonstrated great potential in the field of mole-

cular detection, the difference in the surface roughness of 

the metal and the difference in the absorption position of 

molecules on the metal surface result in a nonreproduc-

ibility of the experiments. Therefore, the precisely control-

lable metal nanometer arrays are used as substrates [173].

Here, we introduce a kind of technology shell-isolated 

nanoparticle-enhanced Raman spectroscopy (SHINERS). 

Michaels et  al. [174] have constructed a core-shell struc-

ture with ultrathin alumina or silica-coated gold nanopar-

ticles (see Figure 10).

The advantages of the structure are as follows: (1) The 

coverage of the ultrathin layer can prevent the aggregation 

of metal nanoparticles. (2) The material can be detected 

in direct contact with the substrate. (3) The nanoparticles 

conform to different substrate profiles [175]. The yeast 

cells were measured through this technique and high-

quality molecular Raman spectroscopy can be obtained 

(see Figure 11).

The measurement of yeast cells and research show 

that the technology is greatly promoted in the life sciences 

and materials in the field of SERS applications, and even 

related to food safety testing, explosives, environmental 

pollution, and so on.

5.2.2   Surface-enhanced fluorescence

Over the past decade, the interaction of metals and fluo-

rescent substances has become one of the hottest research 

areas [177–179]. When the incident light is irradiated onto 

the surface of the metal nanostructure, it will react with 

the subwavelength metal and the fluorescent groups are 

adsorbed on the metal surface. The metal-generated SPs 

can greatly increase the luminous intensity of the fluores-

cent substance [180]. The enhancement of the local elec-

tric field is due to the fact that the optical cross-section of 

the gold and silver subwavelength particles is many times 

larger than the geometric scattering cross-section [181]. 

The interaction of the plasmons with the fluorescent sub-

stance can improve the luminescence rate of the material 

[182], reduce the fluorescence lifetime [183], and improve 

the light stability of the luminescent material [184].

We assume that the fluorescent molecule is attached 

to the metal surface and that its fluorescence detection 

signal enhancement can be expressed as [185]

 

2

2

0

L
E

F

E

η µ

η µ

⋅

=

⋅

 

(41)

It can be seen from the above equation that the inci-

dent light intensity E and the local electric field intensity 

play a decisive role in the enhancement mechanism. η is 

the quantum efficiency, which can be written as

 

R

T

γ
η

γ
=

 

(42)

where γ
R
 is the rate of radiative rate and γ

T
 is the rate of 

total decay of the molecule. γ
T
 = γ

R
 + γ

NR
, where γ

NR
 is the 

nonradiative decay rate.
Figure 10: Simple schematic diagram covers gold nanoparticles 

with ultrathin alumina and silica layers.

Figure 11: Schematic diagram shows that the biological structure of 

yeast cells is detected in situ by SHINERS.

(A) Under this mechanism, the molecular Raman spectra (curves 

I–III) are obtained with different hotspots. In curve IV, there is no 

molecular adsorption substrate. Curve V shows the Raman spectra 

of yeast cells themselves. (B) Schematic of a SHINERS experiment on 

living yeast cells [176].
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From Equation (41), we can conclude that the fluores-

cence will be greatly enhanced when both the quantum 

efficiency and the local EM field are amplified (see 

Figure 12).

Yang et al. constructed a hybrid system of molybde-

num disulfide (MoS
2
) and silver nanoparticles (AgNPs), 

and by adjusting the diameter of the metal particles, 

different fluorescence enhancement results have been 

obtained (see Figure 13).

The metal nanostructures can influence the fluo-

rescence emission of molecules [187], and the radiation 

decay rate of the molecules [188] and the scattering of 

nanostructures are changed by increasing the coupling 

efficiency of fluorescence emission to far field [189]. All 

processes can be controlled by the distance, size, and geo-

metric parameters between the particles.

The shortcomings of limited brightness and spatial 

diffraction limits can be conquered by locally exciting 

surface plasmas [190]. Importantly, the quantum effi-

ciency and local electric field enhancement lead to the 

increase of fluorescence. Metal surface-enhanced fluores-

cence in many ways reflects its extraordinary characteris-

tic. However, it is worth mentioning the urgent problem 

that the experimental value is not consistent with the 

theoretical results. It is impossible to achieve optimal 

enhancement in the experiment. For example, to enhance 

the excitation process, in the optical frequency space, 

there must be an overlap among the metal SPR peak, 

molecular absorption band, and excitation wavelength. 

However, SPR frequency is affected by the surrounding 

medium. From the basic disciplines through the construc-

tion of metal nanostructures, to achieve the regulation of 

spontaneous radiation is of great significance. It shows a 

lot of application potentials in many areas and is gradu-

ally infiltrated into the practical field.

5.2.3   Solar cells

Photovoltaic (PV) cells can convert light into electrical 

energy. In contemporary social development, the emer-

gency of PV helps solve the problem of energy shortages 

[191]. However, to make PV technology dominate, the 

primary goal is to reduce costs. At present, most of the 

solar cells are produced by the crystal silicon, so the main 

cost is silicon processing and production [192–194]. In 

view of the cost, there is great interest in thin-film cells 

that are deposited on cheap substrates. But for now, only 

by the use of less silicon to reduce costs is accompanied 

by the emergence of the problem that the conversion effi-

ciency will be affected.

It is generally believed that light is absorbed by all 

and the light carriers are collected, so the photoelectric 

absorber must be thick at the optical level [195]. In the field 

of PV, usually with the semiconductor as the absorber, its 

optical thickness is generally several times shorter than 

the length of light absorption, such as silicon [196, 197]. 

Moreover, the diffusion length of the carrier is greater 

than the thickness of the material that must be available 

for high-efficiency cells (see Figure 14).
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Figure 12: Schematics of the relation between Raman intensity and 

diameter of gold nanoparticles.

(A) Schematic of gold nanoparticles (colloidal and core-shell) as a 

substrate to enhance fluorescence. (B) Spectral measurements cor-

responding to the different metal nanoparticles in (A) as substrate. 

(C) Fluorescence spectra of indocyanine green (ICG) combined with 

substrates of different nanostructures, adjusted for surface area to 

be available for fluorophore conjugation. The black curve represents 

the fluorescence of ICG without metal  nanoparticles [176].
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Figure 13: Schematics of the relation between the fluorescence intensity and the diameter of gold nanoparticles.

(A–C) LSPR on the surface of different diameter metal particles, and different fluorescence enhancement results can be obtained, where the 

diameters of AgNPs are 6, 14, and 25 nm, respectively. (D) Enhancement factors for different thicknesses [186].

Figure 14: Schematics of the absorption AM1.5 solar spectrum and the mechanism of configurations.

(A) Schematic diagram of the absorption of AM1.5 solar spectra at different thicknesses in a 2-µm-thick crystalline silicon film [195]. 

 Generalized scatterers for coupling into waveguide modes in a solar cell. Scatterers can consist of particles on top (B), middle (C), or back 

(D) of the solar cell and could contain layers of metal, dielectrics, transparent conducting oxides, or air on the back surface. Incident sun-

light is then scattered into photonic or SPP modes depending on the scattering object and incident wavelength of light [198].
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As shown in Figure 14, clearly most of the incident 

light in the range of 600–1100 nm cannot be absorbed by 

the solar cells with silicon crystal film. The new techno-

logy that uses nanoscale metal substrates can achieve 

thin-film solar cells for light capture (see Figure 15).

Here, we show three types of configurations (see 

Figure 14). The light is captured and stored in the semi-

conductor using the scattering characteristics of the light 

on the metal nanoparticles. According to the local electric 

field, it is proportional to the absorption of the semicon-

ductor [199]. The metal nanoparticles are deposited or 

even embedded in the semiconductor, and metal nano-

particles on the regulation of light characteristics are used 

to increase the absorption of incident light by increasing 

the local electric field [200–202]. The incident light is 

coupled with the nanoparticles in the form of waveguides 

between the nanoparticles and the medium until the light 

is completely absorbed [203–205].

Plasmonics interconnects would be a great for solar 

cells. The propagation and localization of light at the 

nanometer scale are realized in the field of plasmonics 

[206, 207]. In view of the special nature of plasmonics, 

researchers began to turn their attention to the plasmon 

application to the field of solar cells. The introduction of 

a plasmonic cell design concept in a solar cell study can 

greatly increase the absorptivity of light to PV devices, and 

the thickness of the PV device absorption layer require-

ments is greatly reduced. This discovery paves the way 

toward the development solar cells.

6   Conclusions

In this review, we first showed the definition of the 

plasmon and its unique aspects of light operation. Then, 

we presented the exciton coupling with the plasmon and 

included the coupling classification as well as the appli-

cation in various fields, such as biological, chemical, and 

quantum information fields. The concept of coupling has 

been of interest to a vast number of researchers since the 

presentation. A lot of research and development have 

been made in this field.
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