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Plasmon-enhanced light–matter interactions and applications
Huakang Yu1, Yusi Peng2,3, Yong Yang2,3 and Zhi-Yuan Li1

Surface plasmons are coherent and collective electron oscillations confined at the dielectric–metal interface. Benefitting from the
inherent subwavelength nature of spatial profile, surface plasmons can greatly accumulate the optical field and energy on the
nanoscale and dramatically enhance various light–matter interactions. The properties of surface plasmons are strongly related to
materials and structures, so that metals, semiconductors and two-dimensional materials with various morphologies and structures
can have alternating plasmonic wavelengths ranging from ultraviolet, visible, near infrared to far infrared. Because the electric field
can be enhanced by orders of magnitude within plasmonic structures, various light–matter interaction processes including
fluorescence, Raman scattering, heat generation, photoacoustic effects, photocatalysis, nonlinear optical conversion, and solar
energy conversion, can be significantly enhanced and these have been confirmed by both theoretical, computational and
experimental studies. In this review, we present a concise introduction and discussion of various plasmon-enhanced light–matter
interaction processes. We discuss the physical and chemical principles, influencing factors, computational and theoretical methods,
and practical applications of these plasmon-enhanced processes and phenomena, with a hope to deliver guidelines for
constructing future high-performance plasmonic devices and technologies.
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INTRODUCTION
Over the past decades, surface plasmons (SPs) have attracted
much attention due to its subwavelength spatial profile of modal
field that can be harnessed to dramatically enhance light–matter
interactions.1–9 SPs are coherent and collective electron oscilla-
tions at the interface between two materials possessing positive
and negative real part of dielectric functions respectively (e.g.,
metal–dielectric interface). SPs can be generally divided into two
categories, i.e., localized and propagating SP polaritons (SPPs).
Benefited from the greatly enhanced local electric field, SP can
remarkably enhance the interaction strength between photons
and materials, spurring the fast-growing developments of
plasmon-enhanced fluorescence, Raman spectroscopy, heat gen-
eration, photoacoustics, photocatalysis, nonlinear optics, solar
energy conversion, and so on.
In this paper, we briefly review recent progress on plasmon-

enhanced light–matter interactions by design of plasmonic
materials and structures. Firstly, we discuss SPs in metal,
semiconductor, and 2D materials with various morphologies,
structure regulations, and resonance wavelengths. Then we
examine the principle of plasmon-enhanced light–matter interac-
tions in the scope of hot spots and discuss in more details several
relevant theoretical and computational methods that enable one
to deeply understand these plasmon-enhanced phenomena and
processes. Next, we introduce several representative applications
of plasmonic materials, structures, and devices such as plasmon-
enhanced fluorescence, Raman spectroscopy, heat generation,
photo-acoustics, photocatalysis, nonlinear optics, and solar cells.
Finally, we present summary and perspectives of plasmon-
enhanced light–matter interaction.

SP IN DIFFERENT MATERIALS
SPs originate from coupling between photons and free electrons.
Conventionally, SPs are investigated inside metals, such as noble
metal gold and silver, with an abundant amount of free electrons
and resonance wavelength located in the visible and near-infrared
regions. Later on, heavily doped semiconductors and 2D materials
are also demonstrated to exhibit abundant plasmonic responses.10

Usually the plasmon frequency ωp is given by

ωp ¼ 4πNe2

ε/m�

� �1=2

; (1)

where N is the density of carriers (electrons or holes), m* is the
effective mass of carriers. One can easily find that ωp is
proportional to square root of N. Figure 1 shows the value of ωp

for various materials and nanoparticle sizes. For noble metal
nanoparticles, typical value of N is 1022–1023 cm−3 and the
plasmon resonance wavelength is in the NIR and visible region.
For doped semiconductors, typical value of N is 1016–1021 cm−3

and the plasmon wavelength is in the THz and NIR region.11 As
shown in Fig. 1, plasmon frequency can be tuned in a wide range
by simply changing free carrier or doping density. Aside from the
material properties, the plasmon resonance frequency and
strength strongly depend on physical factors such as physical
size, morphology, and geometrical arrangement. In the following
text we will discuss SPs in different materials with various
morphologies and structures.
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SP in metal
Metals are popularly assumed to be excellent candidates for
plasmonic applications. Among them Ag is the best material for
plasmonics due to its lowest optical loss in the visible and NIR
spectral ranges. However, Ag would oxidize quickly and suffers
severe losses due to surface roughness. Au is another popular
plasmonic material with excellent performance in the visible and
NIR spectral ranges, and superior chemical stability under ambient
conditions. As Ag and Au are very expensive, Cu and Al become
alternative choices. However, Cu and Al both suffer from chemical
instabilities under atmospheric conditions, restricting their further
applications. Alkali metals are also ideal for plasmonic application,
but they are so reactive to air and water that they must be stored
in vacuum or inert gas. Therefore, Alkali metals are rarely used for
plasmonics. Pd and Pt have attracted much attention owning to
their applications in catalytic activities, although they are strongly
absorptive in the visible wavelength and thus not good plasmonic
materials. Besides pure metals, alloyed metals are broadly
considered for plasmonic applications. The alloying of different
noble metals can be used to tune the SP resonance (SPR)
wavelength accordingly. For example, AuxAg(1−x) alloy nanopar-
ticles display SPR over a broad range of the UV–vis spectra and
SPR wavelength exhibits red shift while increasing particle size.
The AuxAg(1−x) alloy nanoparticles with varying mole fractions
show only one plasmon absorption and similar plasmonic
strength as composite Gold and Silver. The plasmon band
presents blue shift linearly with increasing mole fractions of
silver.12–14

Another crucial aspect is to harness the geometric morpholo-
gies of metallic nanoparticles and nanostructures, which is
popularly explored so as to shape and manipulate plasmonic
properties. Figure 2 illustrates the calculation results of extinct,
absorption, and scattering spectra for Ag nanoparticles with
diversified geometric shapes (i.e., sphere, cube, tetrahedron, and
octahedron) and topologies (i.e., solid, hollow, and core–shell).15

This is an excellent example showing the strong relationship
between plasmonic properties and morphologies of metallic
nanoparticles.
For practical applications such as fluorescence and Raman

scattering, very large enhancement of local field intensity is highly
desired to realize high-efficiency signal detection. Such local field
enhancement can be readily found around sharp corners, edges
and conical tips of metallic nanoparticles. In addition, appropriate
structural arrangement of metallic nanoparticles can lead to larger
enhancements. As shown in Fig. 3, plasmonic structures

composed of multiple metallic structures, such as dimers and
aggregates, have been designed and fabricated to promote
plasmonic enhancements to a very high level.9 Benefited from the
huge enhanced field inside the nanometer gap, two groups
reported single-molecule Raman signal detection in Ag nanopar-
ticle aggregates in 1997, with an estimated Raman enhancement
factor up to 1014–1015.16,17 To relieve complex fabrication
procedures, hybrid structures made from metallic nanoparticle
placed on a metal substrate separated by a nanometer-thick
dielectric thin film have been demonstrated to be efficient for
plasmonic enhancements. An alternative structure for efficient
Raman enhancement is shown in Fig. 4, which are Ag sharp
nanoneedle arrays as fabricated by a simple Ar+-ion irradiation
method and the Raman signal enhancement factor can reach
~1010.18 Most recently, metallic nanoparticles hybridized with
magnetic materials have been successfully developed, where the
plasmonic response of metallic nanorod can be adjusted by
simply changing the external magnetic field directions.19

SP in semiconductor
Heavily doped semiconductor materials exhibit metallic features
and thus can be utilized for plasmonic applications. For heavily
doped semiconductors (p- or n-type), the carrier density can be so
high to exhibit metallic properties. For example, ReO3 type oxides,
telluride or nitride materials have displayed extinct plasmonic
properties in the visible and NIR region. Similarly, plasmonic
features in semiconductor could be easily modulated by changing
the shape, size, type, distribution of doped elements, and doping
concentration of materials.20 Considering distinct material proper-
ties of semiconductors from metals, SPs in semiconductors behave
quite differently from SPs in metals. One promising feature of SPs
in heavily doped semiconductors is relatively low loss compared
with metals. For example, zinc oxide and indium oxide can be
readily doped as high as 1021 cm−3, yet the loss is at least four
times smaller than Ag in the NIR range. By increasing the doping
concentration of semiconductor, the frequency of SP will shift
towards higher energy.21 Moreover, many semiconductors have
unique anisotropic crystalline and thus optical feature, and would
generate distinct plasmonic response along different crystal axes.

SP in 2D materials
2D materials have recently become a hot and popular candidate
class of plasmonic materials. For example, graphene, with
ultrahigh carrier mobility, could have electrically tunable

Fig. 1 Schematic diagram of plasmon frequency dependence on free or doped carrier density for metals or semiconductors. (Reproduced
with permission from ref. 11. Copyright Springer Nature 2011)
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plasmonic feature in the mid-infrared and terahertz regions.22

Compared with other bulk materials, SPs in 2D materials are highly
confined spatially and the corresponding dispersion relationship is
far away from the light line (such as Dirac plasmons in
graphene23). Therefore, the wavelengths of polaritons in 2D
materials are highly squeezed, such as wavelengths of plasmon
polaritons in grapheme nanoribbon arrays24 and phonon polar-
itons in BN nanoribbon arrays25 are squeezed by a factor over 100.
Broadband all-angle negative refraction of highly squeezed
hyperbolic polariton in an infrared regime were realized.26,27

Due to the high-effective refractive index of highly squeezed
polaritons, the superlight inverse Doppler effect can occur with a
relatively small value of v (the condition of superlight inverse
Doppler effect: v ¼ 2c

n ).
28 In addition, benefited from the multi-

mode resonance of phonon polaritons at multiple frequencies in

naturally anisotropic 2D materials (such as hexagonal BN),
multifrequency super-scattering was found in this subwavelength
hyperbolic structure.29 Taking the advantage of flexibility in tuning
the chemical potential in 2D materials, it is also possible to realize
tunable directional excitation of highly squeezed polaritons, and
complete active control of the near-field directionality of
plasmons.30 In order to keep the degree of confinement and
avoid plasmonic scattering at edges, 2D materials could be rolled
into a cylinder so as to produce low-loss plasmons with higher
field confinement, such as carbon nanotubes.31 Moreover, the
plasmon dispersions of p- and n-doped 2D materials behave very
differently, owning to the asymmetry in the electron–hole carrier
concentrations. The overall plasmonic response of 2D materials is
weaker than metals due to the atomic thin dimension. However,
the plasmonic effect of 2D materials can be effectively enhanced

Fig. 2 Calculated UV–vis extinction (black), absorption (red), and scattering (blue) spectra of silver nanostructures in water by Mie theory. An
isotropic sphere (a). Anisotropic cubes (b), tetrahedra (c), and octahedra (d), hollow (e), and thinner shell walls (f). (Reproduced with
permission from ref. 15 Copyright American Chemical Society 2006)
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through electrostatic or chemical doping techniques. By changing
the carrier concentration with external electric gates, the
dispersion and lifetime of SPs in 2D materials can be readily
tuned. Besides, chemical doping in 2D material would also
influence plasmonic features. For example, the inherent plasmon
resonance of 2D MoS2 lies in the far-infrared and terahertz range.
Through Li+ ion doping, 2D MoS2 can become a semimetallic state
and the plasmon frequency would shift to the visible and
ultraviolet range.32 The multiplied photocurrent response is
obtained by coupling few-layer MoS2 with Au plasmonic
nanostructure arrays owning to the localized SP resonance.33 In
addition to doping, morphology of 2D materials will also influence

the plasmonic effect. For monolayer black phosphorus nanor-
ibbons arrays along the armchair and zigzag directions, it was
found that they displayed polarization-dependent anisotropic
plasmonic response at mid-infrared and far-infrared wavelength
regime (as shown in Fig. 5).34

FACTORS OF PLASMON-ENHANCED LIGHT–MATTER
INTERACTION
SP allows for efficient transport and localization of optical energy
at nanoscale, and these nanoscale regions are popularly called as
hot spots. As discussed previously, the electric field can be readily
enhanced by orders of magnitude upon the incident light by
carefully designing plasmonic structures. Therefore, significant
enhancement of light–matter interaction can be readily expected
at these hot spots. For instance, an enhancement of light intensity
by 105 could give rise to a Raman enhancement factor by 1010.
Besides, both mesoscopic and microscopic strategies should be
carefully considered and manipulated in order to maximize the
enhancement of light–matter interactions. On the mesoscopic
level, one should engineer and thus optimize the morphological
and structural configuration of plasmonic platforms so as to
maximize the electric field enhancement. Usually metallic
nanostructures with sharp corners and edges are preferred to
have strongly localized electric fields. Meanwhile, metallic
nanostructures with high density of hot spots, e.g., sea urchin-
like particle,35,36 have been fabricated in order to have as many
hot spots as possible. On the microscopic level, one should build
clear picture and obtain deep understanding of key microscopic
factors regarding the light–matter interaction strength, either
from classical or quantum aspect. What is more, in some cases one
should consider these two scopes simultaneously. A typical
example is in a plasmonic nanogap one must consider the critical
role of molecule Rayleigh scattering in contributing to Raman

Fig. 3 Schematic diagram of several typical geometric configura-
tions of metallic nanoparticle commonly used to further enhance
local field. a Dimer composed of two closely packed nanoparticles. b
Metallic nanoparticle aggregate composed of a number of closely
packed nanoparticles. c Bow-tie metallic nanostructure with the
nanometer gap. d Cubic metallic nanoparticle sitting on a metal
substrate separated by a nanometer-thick dielectric thin film. e
Spherical metallic nanoparticle sitting on the metal substrate
separated by a nanometer-thick dielectric thin film. (Reproduced
with permission from ref. 9 Copyright John Wiley & Sons Inc. 2018)

Fig. 4 SEM images of silver nanoneedle array structures at different conditions. a Ag film with a thickness of 500 nm, b Ag nanoneedles array
irradiated by Ar+ ions at 45° with an Ag film thickness of 500 nm; and an Ag nanoneedles array irradiated by Ar+ ions perpendicular to the
substrate with a film thickness of 700 nm, observed at (c) top view, (d) a tilt angle of 45°. (Reproduced with permission from ref. 18 Copyright
Royal Society of Chemistry 2012)
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scattering, which are two basic microscopic light-molecule
interaction processes, due to the multiple mesoscopic scattering
of light with the plasmonic nanogap. In many situations other
factors such as quantum plasmonics correction should also be
carefully taken into considerations.9 Usually the electromagnetic
enhancement factors are obtained while neglecting the quantum
plasmonics effect. However, this is not valid. The reason is that the
surface layers of metallic structures generally behave in a much
weaker plasmon resonance compared with the inner bulky
metallic material, thus practical electromagnetic enhancement
factors at these hot spots are much less than the value estimated
by means of pure classical electrodynamics.

THEORETICAL AND COMPUTATIONAL METHODS
To fully and deeply understand all important properties of SP in
various materials and structures, including transport dispersion
and modal profile, field localization, and enhancement, and their
classical and quantum interactions with various macroscopic,
mesoscopic, and microscopic objects, it is pivotal to employ
theoretical and computational methods and tools to construct
basic and detailed pictures of these subjects, meanwhile closely

cooperating with experimental and technical researches. These
methods can be categorized into two major disciplines. The first is
based on classical physics, which uses classical optics, electro-
magnetism, and electrodynamics to calculate the basic properties
of SP. The second is based on quantum physics, which includes (1)
using condensed matter physics to calculate the accurate
plasmonic response of metal materials and structures and account
for the so-called quantum plasmonic correction effects;9 (2) using
quantum mechanics to account for the optical interaction of SP
with molecules, quantum dots, excitons, etc.; (3) using quantum
chemistry to account for surface electron excitation, transport,
transfer, and their influence to the optical properties (fluores-
cence, Raman, etc.) of molecules. In this regard, light–matter
interaction in plasmonic materials and structures is a multiple-
disciplinary area of very rich basic physics and chemistry, and
collective and cooperative efforts from diversified community
must be made to advance this research area.
The excitation and transport of SP in metal nanoparticles and

nanostructures can be well understood from Maxwell’s equations,
which can be accurately calculated and simulated by using several
rigorous numerical approaches and computational software
packages such as discrete-dipole approach (DDA), finite-

Fig. 5 a, b Schematics and perspective side view of the BP nanoribbon arrays along x- and y-direction separately. c, d Absorption map of two
directions with fixed period 250 nm and various widths. e, f Absorption spectra for various widths of two directions. (Reproduced with
permission from ref. 34 Copyright American Chemical Society 2016)
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difference time-domain method (FDTD, e.g., software package
FDTD solution), and finite-element method (FEM, e.g., software
package COMSOL). The plasmonic response of a metal nanopar-
ticle is well characterized by the extinction, scattering, and
absorption cross-section (Cext; Csca; Cabs) and normalized coeffi-
cient (Qext;Qsca;Qabs) with respect to the apparent effective area
(Seff ). For a tiny particle with size (radius r) far smaller than the
incident light wavelength, the plasmonic response can be
modeled by an electric dipole moment as P ¼ αEinc , where Einc
is the incident light electric field, and

α ¼ r3½ðεmðωÞ � εdÞ=ðεmðωÞ þ 2εdÞ�; (2a)

is the particle polarizability, with εmðωÞ and εd being the dielectric
constant of metal and background medium. Let k ¼ 2πn0=λ
(n0 being the refractive index) be the wave vector of light in the
background medium, one can find

Cext ¼ 4πk

Eincj j2 ImðE�inc � PÞ ¼ 4πkImðαÞ; (2b)

Csca ¼ 8πk4

3 Eincj j2 jPj
2 ¼ 8πk4

3
jαj2; (2c)

Cabs ¼ Cext � Csac: (2d)

It is easy to find that when εmðωÞ þ 2εd ! 0 (more precisely
Re½εmðωÞ þ 2εd� ¼ 0), α becomes very large, leading to a giant
electric dipole moment excited by the incident light and
consequent greatly enhanced local field intensity inside and
around the particle, large absorption by metal, strong scattering of
incident light, and large attenuation of light. This situation
corresponds to happening of SPR, or in other words, excitation
of localized SPP mode. This simple physical model can well explain
many basic physical properties and phenomena of plasmonic
structures. For a larger particle with arbitrary geometric shape, the
analytical formula Eqs. (2a), (2b), (2c), and (2d) is no longer
accurate, and rigorous numerical methods must be used to find
quantitative plasmonic response. In the framework of DDA, the
metal nanoparticle is separated into a series of tiny dipoles Piði ¼
1; :::;NÞ located at position riði ¼ 1; :::;NÞ, and each dipole is
subject to the elementary incident field together with the
secondary radiation field from all the other dipoles, so that
Pj ¼ αjEext;j ¼ αj Einc;j þ Erad;j

� �
. After all dipole moments are

determined via computational tool as DDA, the plasmonic
response of the particle is given by

Cext ¼ 4πk

Eincj j2
XN
j¼1

ImðE�inc;j � PjÞ: (3a)

Cscat ¼ k4

Eincj j2
Z

dΩ
XN
j¼1

Pj � n̂ðn̂ � PjÞ
� �

expð�ikn̂ � rjÞ
�����

�����
2

: (3b)

Cabs ¼ 4πk

Eincj j2
XN
j¼1

Im½Pj � ðα�1
j Þ�P�

j � �
2
3
k3Pj � P�

j

�	 

: (3c)

The extinction, scattering, and absorption spectrum can exhibit
one or more SPR peaks, and their physical origin (dipole or
quadrupole modes, polarized charge distribution, and accumula-
tion profile, local field distribution and enhancement profile) can
be well analyzed by DDA, FDTD, FEM, and other numerical tools.
The crucial quantities to describe SPP propagating at a

metal–dielectric interface are dispersion kSPP ¼ FðωÞ, modal profile
Eðr;ω; kSPPÞ, decay length δSPP , field penetration length in metal
δm and localization length in dielectric medium δd . They are

written as,

kSPPðωÞ ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εdεmðωÞ

εd þ εmðωÞ

s
: (4a)

δSPP ¼ 1
2k00SPP

¼ λ0
ðε0mÞ2
2πε00m

ε0m þ εd
ε0mεd

� �3
2

: (4b)

δd ¼ 1
k0

ε0m þ εd
ε2d

����
����
1
2

; δm ¼ 1
k0

ε0m þ εd

ðε0mÞ2
�����

�����
1
2

: (4c)

From these formula, SPP in various plasmonic materials and
structures can be estimated and compared. It can be found that in
the visible and near-infrared wavelength regimes, for most metals,
even noble metals as Au and Ag, the decay length δSPP of SPP is on
the order from several tens micrometers to several micrometers,
indicating the vast difficulty to construct a large-scale integrated
optical devices and circuits in the platform of plasmonic materials.
It can also be found that for 2D materials such as graphene, the
field localization length is on the order of 10 nm, 2–3 orders of
magnitude smaller than the SPP wavelength 7–8 μm, indicating an
extremely tight confinement of field at the surface of 2D materials.
The excitation of localized SPP in metal nanoparticles and

propagating SPP in metal thin film surface brings an excellent
opportunity to squeeze electromagnetic energy from the incident
light into the deep subwavelength space of SPP mode. This means
greatly increased optical energy density and thus enhanced
light–matter interaction in this nanoscale SPP modal space.
Basically, this is simply the physical origin of engineering SPP
dispersion and modal field to enhance various light–matter
interaction. According to Eqs. (2)–(4), the condition to excite SPR
and SPP and the degree of field localization and enhancement
sensitively depend on the dielectric constant εmðωÞ of metal
particles and structures in addition to their geometric shapes. In
some special geometries, e.g., plasmonic nanogap in metal
particle dimers and TERS, this εmðωÞ sensitivity is further enhanced
for orders of magnitude. In these situations, quantum plasmonics
effect play an important role, where electrons in top atomic layers
of metal will have much weaker plasmonic response compared
with in bulk, leading to much weaker local field enhancement
factor at the surface of metal.9 Therefore, it is critical to determine
accurately the material dielectric response εmðωÞ in order to
correctly evaluate plasmonic response of these vicinity atom/
electron layers of metal. This requests very careful, deliberate and
smart modeling and simulation of surface atom configuration,
electron energy diagram and density distribution, and their optical
response in terms of εmðωÞ, which obviously needs to learn
experiences and expertize from condensed matter and materials
physics. For instance, the first-principles calculation method based
on density functional theory can be adopted to calculate the
dielectric function spectra and optical absorption spectra of
materials by CASTEP program package.
The accurate knowledge of plasmonic response, local field

distribution, and enhancement will set a solid basis to further
study various plasmon-enhanced light–matter interaction pro-
cesses and problems, such as molecule fluorescence, Raman
scattering, plasmon-exciton strong coupling, hot-electron assisted
optoelectronics, and photocatalysis. These processes involve
fruitful physics and chemistry. To get a correct and accurate
picture of plasmon-enhanced light–matter interactions, one
inevitably need experiences and expertize from atomic, molecular
and optical physics, semiconductor physics, optoelectronics,
molecular chemistry, and surface chemistry. Moreover, take a
single problem as example, molecular Raman scattering involves a
series of physical and chemical processes that might either be
basically separate and independent or be strongly coupled and
intertwined with each other, making the accurate theoretical
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understanding even more difficult and challenging. As such,
advancement of plasmon-enhanced light–matter interaction at
nanoscale or single-molecular scale urgently calls for more
efficient theoretical and numerical concepts, methodologies, and
tools.

PLASMON-ENHANCED FLUORESCENCE AND EXCITATION
Plasmon-enhanced fluorescence has extensively been experimen-
tally investigated, and has become one of the most important
surface-enhanced spectroscopy techniques.37 Fluorescence from a
fluorophore can be generally characterized in terms of quantum
yield and lifetime. Either excitation or emission of light emitter can
be enhanced by plasmon resonance. To reach maximum
excitation-emission efficiency, many experiments have been
dedicated to manipulate the SP frequency between peak
excitation wavelength and peak emission wavelength of fluor-
ophore.38,39 For plasmon resonance close to the peak of excitation
wavelength, excitation light can be well confined and highest
excitation efficiency can be expected. While for plasmon
resonance close to the peak of emission wavelength, highest
emission efficiency can be expected once the distance between
fluorophore and plasmonic structure is optimized. Generally, the
peak of excitation wavelength differs from the peak of emission
wavelength, thus one has to make compromise between the
optimum excitation efficiency and optimum emission efficiency.
By taking advantage of double plasmon wavelengths (i.e.,

longitudinal and transverse plasmonic modes) inside an Au
nanorod structure, it is therefore possible to have maximum
enhancement of excitation and emitting efficiency.40 As shown in
Fig. 6, one specific kind of Au nanorods, whose transverse and
longitudinal plasmon wavelengths are matching with the excita-
tion wavelength and emission band of Oxazine-725, exhibit the
most favorable performance in both intensity and lifetime of
fluorescence. Besides, the combination of SPs and state-of-the-art
fabrication techniques can fundamentally change and improve
the ability of fluorescence technology.41

PLASMON-ENHANCED RAMAN SPECTROSCOPY
Raman scattering is one type of well-known nonlinear
light–matter interaction processes, where photons couple with
intermolecule vibrational and rotational motions.42,43 Therefore,
Raman spectroscopy provides versatile tools for investigating
molecular vibrations and works as fingerprint for precise chemical
analyses and molecular identifications. However, Raman scattering
cross-section is extremely small compared with fluorescence
process, which is usually 15 orders of magnitude smaller. To
promote Raman spectroscopy and make it practically applicable, it
is highly desirable to develop enhanced Raman spectroscopy with
ultrahigh sensitivity even down to single-molecule level, which is
quite appealing for both fundamental research and industry
applications.
SP is ideal for enhancing Raman scattering processes. As shown

previously, the energy of light can be strongly localized at the hot
spots on the surface of metallic nanostructures, so that the light-
molecule Raman interaction strength is remarkably enhanced.
Specifically, plasmon-enhanced Raman scattering are intensively
studied in two categories, surface-enhanced Raman scattering
(SERS) and tip-enhanced Raman scattering (TERS).44–54 As a result
of huge enhancements contributed by SP resonance, the
detection level of Raman scattering could be promising to reach
the single-molecule level.
Below we will discuss several strategies to promote the

plasmonic enhancement of Raman scattering. Theoretically, we
could obtain total enhanced Raman scattering intensity as
follows:9

IðωRÞ ¼ AI0ðr0;ωÞjαðωR;ωÞj2 ´Gðr0Þ
¼ AI0ðr0;ωÞjαðωR;ωÞj2 ´ jEðr0;ωÞj4=jE0ðr0;ωÞj4;

(5)

where A represents Raman signal collection efficiency of optical
systems, Gðr0Þ corresponds to the local field enhancement factor,
αðωR;ωÞ represents the corresponding Raman activity (or Raman
scattering cross-section) of investigated molecule vibration, and
I0ðr0;ωÞ shows the incident light intensity. It is thus clear that we
can enhance Raman signals in three levels. The first level is to
improve the incident light intensity I0ðr0;ωÞ and collection

Fig. 6 a–c SEM images of core–shell Au nanospheres and two types of Au nanorods (GNR1 and GNR2) on ITO glass slides. d Fluorescence
emission spectra (from top to bottom) of GNR1, GNS1, GNR2, and Oxazine-725 water solution. e Measured fluorescence intensity decays of
Oxazine-725 molecules in different samples as noted. (Reproduced with permission from ref. 40 Copyright American Chemical Society 2013)
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efficiencyA. The second level is to enhance the localized electric
field intensity and have larger Gðr0Þ, so as to enhance the strength
of Raman excitation and radiation at the same time. The third level
is related to αðωR;ωÞ, which corresponds to microscopic origin of
molecule and can be improved from chemical or physical aspects.
Specifically, we could optimize the morphology of plasmonic

nanostructures to enhance Raman scattering. Generally, the
Raman enhancement factors by gold nanoparticles are only at
the level of 106, which is far below the level needed for achieving
single-molecule Raman detection. As shown previously, plasmonic
nanoparticles with sharp corners or tips are favored to give rise
hot spots with more significantly enhanced field.55–65 Nanoparticle
with cubic, rectangular, and conical morphologies have been
synthesized for further boosting Raman enhancements. Especially
for the conical tip geometry, such as the sea urchin particles and
nanoneedles (as shown in Fig. 7a, b), giant Raman enhancements
as strong as 1010 could be reached.36,66 Furthermore, metallic

nanogap geometry (such as metallic nanoparticles dimers and
aggregates) have been proposed for enhancing Raman scattering
process, since mutual plasmonic coupling between adjacent
plasmonic nanoparticles could provide electric field enhancement
significantly. It is remarkable that by using this giant Raman
enhancement mechanism in 1997 two groups reported successful
detection of single-molecule by Raman spectroscopy in silver
nanoparticle aggregates.16,17

Aside from the optimization of morphology, introducing gain
materials into plasmonic nanostructures could be another channel
for enhancing Raman signals.67,68 By incorporating gain medium
into gold nanorods, Raman enhancement factor as large as 1016

could be reached at hot spots.68 Moreover, doped semiconductors
also provide exceptional route for plasmon-enhanced Raman
spectroscopy. As shown in Fig. 7c, Raman spectra of MeB
molecules with concentrations in the range of 1 × 10−4 to 1 ×
10−6 M has been successfully detected on Nb2O5 substrates.

Fig. 7 SERS experimental results of Ag nanoneedle arrays and Nb2O5 substrates. a Raman spectra of several samples: a 0.1 M R6G adsorbed on
silicon substrate and b 10 nM R6G adsorbed on Ag film, 10 nM R6G adsorbed on Ag nanoneedles prepared by Ag film with the thickness of c
200 nm, d 400 nm, e 500 nm, and f 700 nm (532 nm, 1 s). b Raman spectra of several samples: a 10mM R6G adsorbed on silicon substrate and
R6G with different concentration of b 10−12 M (10 s), c 10−11 M adsorbed on Ag nanoneedles (532 nm, 1 s). c SERS signals of MeB molecules
with various concentrations excited by laser of 532 nm on Nb2O5 substrates. d–f Raman spectra of solid MeB powders and MeB molecules at a
concentration of 5 × 10–5 M collected on Nb2O5, TiO2 semiconductor, and Ag substrates with the incident laser of 532, 633, and 780 nm lasers,
respectively. (Reproduced with permission from ref. 66 Copyright Springer Nature 2017)
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Benefited from plasmonic enhancements, the detection limitation
can be as small as 10−6 M upon the irradiation of 532 nm laser.
The irradiation laser also has an important effect on the intensity
and position of vibrational bands. Via changing the excitation
laser, many bands for solid MeB do not appear in the spectra.
Especially, for 780 nm irradiation laser, only two bands located at
1614 and 1394 cm−1 can be recognized. Therefore, the Nb2O5

semiconductor substrate could effectively attenuate the fluores-
cence effects and enormously enhance the Raman signals of MeB
molecules.
It is worthwhile to note here that the classical theory of Raman

scattering could not provide convincing explanations regarding
the single-molecule Raman scattering observations16,17 or the
TERS experiment of subnanometer chemical mapping of a single-
molecule inner structure.69 Unlike the theoretical model that uses
a 1-nm spot size of light for activating Raman signals,69,70 it is
found that the microscopic Raman mechanism is strongly related
to the Rayleigh scattering.71–73 It has been proposed that multiple
Rayleigh scattering between the Raman molecule and metallic
nanostructures will notably modify the localized electromagnetic
background and this modification would inversely alter the local
field around the molecule significantly, so that Raman activation
and radiation processes would be dramatically enhanced simulta-
neously. In subsequent theoretical studies, it is shown that the
localized multiple Rayleigh scattering effect could reduce the size
of hot spot down to 1.3 nm, thereafter making it possible to
identify the adjacent atoms in 1 nm separation by Raman
mapping. Further theoretical studies demonstrated that Raman
enhancement could reach 1014–1015 by introducing the mechan-
ism of Rayleigh scattering in SERS involving plasmonic dimers and
aggregates, which implies that Raman spectroscopy could readily
identify single-molecule by using these SERS substrates.

OTHER PLASMON-ENHANCED PROCESSES
Heat generation
As is known, hot electrons can be efficiently excited due to
plasmon-enhanced photon absorption. Heat is thus significantly
generated as a result of electron–phonon interactions, leading to a
promising new arena of thermo-plasmonics.74–76 Various metallic
nanostructures have been carefully designed to control local or
global temperature remotely with the use of light illuminations. To
act as ideal sources of heat, SP has enabled various potential
applications, such as photothermal melting of nanomaterials77–83

nanofluidics,84,85 photoacoustic,86–88 and photothermal ima-
ging,89–91 cancer therapy,91–98 drug delivery,99,100 nanotherapeu-
tics,101 and steam generating.102

Photothermal effects are strongly related to photon absorption
and electric field confinements, so it is desirable to carefully
optimize the morphology of plasmonic nanostructures.103 It has
been found that one has to keep the associated electric fields
inside the metal as much as possible. This point is readily
understandable, since heat can only be generated as electrons
interact with phonons inside metal materials. As a result, nanogap
enhanced light field concentration, where the electric field is
mostly located outside the metal, and does not help in increasing
photothermal efficiency. Furthermore, Baffou et al.103 found that
small, flat, elongated, or shaped metal particles appeared to be
better candidate for microscopic heat sources.
When metallic nanoparticles are under light illuminations, local

heat will be generated and the temperature of surrounding
environment will subsequently rise. The temperature increase
would be accompanied by slight change of refractive index in a
quite small volume. Subsequently, a photothermal microscopy
technique was proposed and successfully realized the imaging of
metal particles with nanometer size accuracy.89 The strongly
localized changes of refractive index around the metal

nanoparticles are recognized as the nanolens effect,104 which
can be effectively distinguished by phase differential measure-
ments with enhanced sensitivity.105 The employment of metallic
nanoparticles for microscopic imaging has several advantages
over conventional fluorescent markers, including free of fluores-
cence bleaching, blinking and saturation. People have already
succeeded in protein tracking in vivo by taking the advantage of
fluorescence bleaching absence.106

Another promising application of thermo-plasmonics is for
cancer therapy. Plasmonic particles, such as gold nanoparticles
functionalized with small antibodies for specifying targeted cancer
cells, entered live body and preferred to accumulate at cancer
beds.107 Upon excitation of near-infrared laser, normal tissue
turned to be transparent while excitation laser was strongly
absorbed by the specifically designed plasmonic nanoparticles
and converted into heat efficiently. As long as the localized
photothermal heating was strong enough, it would induce cellular
hyperthermia and cause associated cell death and tumor
remission. For example, gold nanocages (~45 nm in edge length)
were successfully fabricated with strong absorption in the near-
infrared region.95 The absorption cross-section of such nanocages
was numerically determined as large as 3.48 × 10−14 m2, making
gold nanocages perfect candidate for efficient conversion of NIR
illumination into heat.

Photoacoustic effects
Upon pulsed laser illuminations, biological materials would absorb
the laser light energy, which will be converted to heat via
nonradiative channels such as vibrational relaxations. Unlike heat
induced refractive index change as discussed previously, gener-
ated heat will also lead to pressure buildup inside the media and
yield generation of ultrasound waves. Then the outgoing acoustic
waves can be collected by a conventional ultrasound transducer
and transferred to electrical signals for reconstructing photo-
acoustic tomography or microscopy images.88 As the excitation
laser is only dedicated for heat generation rather than imaging,
such induced acoustic waves would reach deep biological tissues
(benefitting from its less scattered behavior) and provide in-depth
and high contrast information. Specifically, the degree of contrast
strongly depends on the conversion efficiency of photon-to-
acoustic interaction processes. Apparently, it is crucial to have as
large absorption cross-section as possible for enhancing the
photoacoustic processes.
Metallic nanoparticles appear to be ideal for photoacoustic

imaging with enhanced performance, owning to their unique
plasmonic features, as it can act as an efficient nanoscale heat
source. Furthermore, metallic nanoparticles are biocompatible and
easily functionalized by biomarkers with molecular specificity.108

The first application of metallic nanoparticles (i.e., 40-nm spherical
gold nanoparticles) for enhanced photoacoustic imaging was
demonstrated in vitro experiment in 2004109 and later in vivo.110

Currently, metallic nanoparticles, such as gold nanocages,
nanorods, and nanoshells, have all been successfully applied for
enhanced photoacoustic imaging.76

As a good example, gold nanocages have been investigated as
one potential contrast agent for photoacoustic imaging in vivo.110

Compared with gold nanoshells, gold nanocages show the
advantage of larger absorption cross-sections that is very suitable
for photoacoustic imaging. Moreover, the surfaces of nanocages
are easier to bioconjugated with poly-(ethylene glycol) (MW=
5000), which could suppress immunogenic reactions and keep
them long circulating in vivo. In the in vivo experiments, gold
nanocages were injected into the rat circulatory system (three
successive administrations, each dose of ~0.8 × 109 nanocages/
body weight). With an 804-nm laser illuminations, photoacoustic
imaging was performed immediately after each injection and
continued for over five hours. Compared with reference results
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taken before the injection, one can easily conclude that the optical
contrast was significantly improved, as shown in Fig. 8. By
integrating signals obtained in the photoacoustic images and
normalized to the reference results, up to 81% enhancement was
found after two hours of third injection. Theoretical investigation
demonstrated that gold nanocages had greater absorption cross-
sections compared with gold nanoshells, which would favor for
enhancing photoacoustic imaging. To further increase the
contrast, gold nanorods with silica-coated shell have been
successfully fabricated, aiming to manipulating the interfacial
thermal resistance with surrounding environments.111 With the
silica coating, gold nanorods can act as photoacoustic nanoam-
plifiers, which significantly enhanced the efficiency of photon-to-
acoustic conversion and gave rise to higher contrast photoacous-
tic signals.
For early cancer detections and cancer cellular dynamics

investigations, microscopic imaging of single cancer cells is highly
desirable. However, this requires extremely high sensitivity and

resolution of photoacoustic imaging. Furthermore, specially
functionalized gold nanoparticles have been developed in order
to realize microscopic imaging of single cancer cells.112

Photocatalysis
It is well-known that chemical reactions are influenced by many
factors, including pH, pressure and temperature. Therefore, SP
appears naturally to act as efficient photocatalyst of chemical
reactions at nanoscale, such as water splitting,113–115 CO2

reduction,116 and water purification.117 Upon light illuminations,
hot carriers (i.e., hot electrons or holes) would be generated firstly,
then excite electronic or vibrational states of nearby or adsorbed
molecules before hot electrons interacts with phonons (i.e., heat
generation), and this will significantly accelerate the chemical
reactions rate.75 One typical example is dissociation of H2 on gold
nanoparticle surfaces at room temperature, which is driven by hot
electrons generated.118,119 Gold colloidal nanoparticles (with
diameters around 137 nm) were prepared and placed on SiO2

substrate, while reactant D2 gas was used to monitor H2

dissociations (H2(g)+ D2(g)→ 2HD(g)). A supercontinuum laser
source was used to excite local plasmon resonance of gold
nanoparticles. As mixed gas was flowing into the chamber, excited
plasmon of gold nanoparticles generated hot electrons and
transferred to H2, which populated the antibonding orbits of H2

and boosted the dissociation rates. The rate of HD formation was
simultaneously recorded with laser turn on and off consecutively
(as shown in Fig. 9). It clear shows that HD formation rate was
significantly increased by 150 times with the pump laser on.119

After changing the substrate from TiO2 to SiO2 and Al2O3, it was
confirmed that H2 dissociation took place on the surface of gold
nanoparticles rather than on the nanoparticle/substrate
interface.119

Thermal effect is another factor that significantly influences
photocatalysis. It is well-known that temperature increase usually
accelerates chemical reaction rate according to empirical Arrhe-
nius law. In the previous section, we have shown that plasmon can
be regarded as one kind heat source with localized space and
controllable temporal behavior. Therefore, plasmon induced
thermal effect could be expected to efficiently assist chemical
reactions locally. For example, rhodium (Rh) nanoparticles have
already been regarded as effective thermal catalyst due to
plasmon induced heat generation.120–122 However, in order to
understand the microscopic mechanism of plasmon-induced
photocatalysis, CO2 methanation reaction was carefully designed
to distinguish contributions from thermal (including photothermal
heating or thermal gradients) and nonthermal (including hot-
carrier driven reactions, photo modification of the catalyst, or

Fig. 8 Photoacoustic images of rat cerebral cortex. a Image taken before gold nanocages injection for reference; b image taken 2 h after the
third injection of naonocages with the most significant contrast enhancement; c differential image taken by subtracting image (b) from (a),
showing the distributions of nanocaged enhanced photoacoustic signals; d open-skull anatomical image of the rat brain, in good match with
previous photoacoustic images. (Reproduced with permission from ref. 110 Copyright American Chemical Society 2007)

Fig. 9 Plasmon-enhanced HD formation rate at room temperature
with a high-resolution transmission electron micrograph of gold
nanoparticle on silica substrate; b schematics of H2 transferring to
negative-ion state as a result of plasmon induced hot electrons;
c HD formation rate record with pump laser (450–1000 nm) off and
on. (Reproduced with permission from ref. 119)
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enhanced near-field effects) origins.123 Experimental results
revealed that both thermal and nonthermal mechanisms matter
for significant photocatalysis effects.123 Furthermore, an ultrafast
surface-enhanced Raman thermometry technique was applied so
as to understand the dynamics of photocatalysis on the ultrafast
time scale.124 Surprisingly, it was concluded that plasmonic
photocatalysis was not primarily due to the thermal contribution,
since ultrafast measurements revealed that energy quickly
dissipated from the adsorbates into the surroundings in an
ultrafast manner (less than 5 ps).124 It is believed that better
understanding of the underlying mechanism will be crucial for
future designing highly efficient plasmonic enhanced photocata-
lysis techniques.

Nonlinear optics
Nonlinear optical effects are crucial for the rapid developments of
modern optics. Generally, optical nonlinearity is an intrinsic weak
effects, but can be significant as long as interacting electro-
magnetic field is fairly strong, due to the fact that nonlinear optical
effects should depend superlinearly on the electromagnetic
fields.42,43 In various plasmonic structures, electromagnetic fields
are highly localized thus could greatly enhance nonlinear optical
conversions, giving rise to a new research field, namely nonlinear
plasmonics.125,126 Nonlinear optical processes, such as SERS,
second harmonic generation (SHG), third harmonic generation,
and multiphoton photoemission, have been demonstrated with
enhanced performance in plasmonic structures. To be noted here,
one important nonlinear optical effect, i.e., SERS, has been
discussed thoroughly in the previous sections, thus will not be
included in the following discussions.
As is known, nonlinear optical effects are closely related to

material symmetry. While third-order nonlinearity exists in all
materials, second-order nonlinearity is only available in noncen-
trosymmetric materials. According to theory, localized electric
fields mostly lie in the vicinity of metallic surface because of the
plasmonic skin depth effect, thus the surface layer of metal and
surrounding environment (such as adsorbed molecules) become
crucial for plasmon-enhanced nonlinearities. As prominent plas-
monic metals (such as gold, silver and aluminum) are all
centrosymmetric with a face-centered cubic unit cell, they only
enable bulk third-order nonlinearity in most situations.126 How-
ever, SHG signals were readily observed and measured from these
metallic structures in the early days of nonlinear optics history, as
a result of broken symmetry at the metal surface.127,128 This
surprising discovery has led to the developments of metallic
surface-enhanced SHG later on. It was further confirmed that
rough metallic surface structures could lead to stronger localized
electric fields, and larger enhancement of nonlinear optical effects
could be observed.129–131 Both the surface and bulk contribution
to SHG from metallic surfaces were carefully identified and
investigated.125,132 Moreover, nonlinear interactions of SPs were
also studied.133,134 This plasmon-enhanced SHG was readily
generalized to sum frequency generation, particular surface
vibrational spectroscopy, in order to study information of
adsorbed molecules on metal surfaces.135,136 For example, with
the help of surface vibrational spectroscopy and plasmonic
resonance at electrochemical interfaces, in situ and real-time
vibrational spectra were measured, revealing the electrochemical
reaction process of how the surface was oxidized and reduced
every cyclic voltammetry cycle.137

Nonlinear optical effects in metamaterials or metasurfaces have
attracted intensive interest recently.138–144 The periodic metallic
arrays, treated as artificial meta-atoms, have been demonstrated
in various applications, including frequency selectivity, wavefront
shaping, polarization control (including optical chirality), nonlinear
geometric Berry phase, terahertz nonlinear optics and quantum
information processing.143,144 These exciting findings all lead to

light–matter manipulation in more compact and effective
manners. Aside from the above discussions, SPs could be highly
sensitive to the dielectric properties of metals and surroundings.
Therefore, it can bring opportunities for plasmonic sensors and
ultrafast switching.140,145

Solar cell
Finally, we focus on plasmon enhancement of photovoltaic
efficiency. To satisfy increasing demand of energy, solar cells
provide clean conversion from solar energy to electric energy
without any negative impact (such as carbon costs) on the
environment.146 Therefore, it is desirable to develop high-
efficiency photovoltaic techniques. By incorporating plasmonic
metals into solar cells, one may expect overall performance
improvements, such as increasing of light harvesting efficiency,
tunablility of absorption spectra, and increasing of charge carrier
separation efficiency.147–151

The mechanism behind the plasmon-enhanced photovoltaic
efficiency can be understood as follows. Firstly, hot carriers will be
generated upon light illumination from the plasmonic structures.
In a quite short time (~fs), generated hot carrier (e.g., electron) will
transfer to surroundings (e.g., semiconductor), resulting in the
spatial separation of charge and lowering the rate of
electron–hole recombination rate. Secondly, as light is harvested
by the metallic structures, electric field will be strongly localized
on the surface of metal, consequently enhancing the photon
absorption cross-sections significantly. Through combination of
metallic structures with different morphologies or materials, the
absorption cross-sections could be enlarged over broader
spectra.152,153Thirdly, multiple scattering effects due to metallic
structures will increase the optical paths of incident photons while
going through the photovoltaic devices. And this will surely
increase the absorption efficiency and improve the photovoltaic
conversion performance. By carefully optimizing morphologies,
concentrations, and geometric position inside devices of metallic
structures, high-performance solar cells can be readily obtained
with cooperation of plasmon and the rise of new organic
compounds, such as perovskites.

SUMMARY AND PERSPECTIVE
In summary, we have briefly while systematically reviewed the
recent progress of plasmon-enhanced light–matter interaction by
means of designing optimum plasmonic materials and structures.
SPs in metal, semiconductor and 2D materials with various
morphologies and structures, are discussed, with plasmonic
wavelengths ranging from ultraviolet, visible, NIR to far infrared.
We then discuss the principle of plasmon-enhanced light–matter
interactions and the role of plasmonic hot spots. Representative
applications of SPs, including plasmon-enhanced fluorescence,
Raman spectroscopy, heat generation, photoacoustic, photocata-
lysis, nonlinear optics and solar cell, are briefly discussed. Through
these concise discussions, we hope to deliver to the readers a
complete and deep understanding of SPs and associated
applications, and provide useful guidelines for constructing future
high-performance plasmonic materials and devices.
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