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TOPICAL REVIEW — Optical field manipulation

Light-field modulation and optimization near metal nanostructures
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1State Key Laboratory for Mesoscopic Physics, Collaborative Innovation Center of Quantum Matter,
Frontiers Science Center for Nano-Optoelectronics, School of Physics, Peking University, Beijing 100871, China

2School of Mathematics and Physics, University of Science and Technology Beijing, Beijing 100083, China
3Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China

4Peking University Yangtze Delta Institute of Optoelectronics, Nantong 226010, China

(Received 20 April 2024; revised manuscript received 12 July 2024; accepted manuscript online 19 July 2024)

Plasmonic modes within metal nanostructures play a pivotal role in various nanophotonic applications. However,
a significant challenge arises from the fixed shapes of nanostructures post-fabrication, resulting in limited modes under
ordinary illumination. A promising solution lies in far-field control facilitated by spatial light modulators (SLMs), which
enable on-site, real-time, and non-destructive manipulation of plasmon excitation. Through the robust modulation of the
incident light using SLMs, this approach enables the generation, optimization, and dynamic control of surface plasmon
polariton (SPP) and localized surface plasmon (LSP) modes. The versatility of this technique introduces a rich array
of tunable degrees of freedom to plasmon-enhanced spectroscopy, offering novel approaches for signal optimization and
functional expansion in this field. This paper provides a comprehensive review of the generation and modulation of SPP
and LSP modes through far-field control with SLMs and highlights the diverse applications of this optical technology in
plasmon-enhanced spectroscopy.

Keywords: surface plasmon, spatial light modulator, dynamic control, plasmon-enhanced spectroscopy
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1. Introduction

The advancements in nanofabrication technology have
paved the way for investigating optical phenomena at sub-
wavelength scales, thus facilitating the development of com-
pact, miniature, and integrated optical devices. Nevertheless,
overcoming the diffraction limit of light remains an enormous
challenge in nano-optics research and integrated optics appli-
cations. Surface plasmons (SPs)[1–3] have attracted substan-
tial interest owing to their potential for breaking this limita-
tion. SPs represent surface waves that emerge at interfaces
between materials with negative dielectric constants and di-
electrics through collective electron excitations accompanied
by electromagnetic fields. Perpendicular to these interfaces,
SPs demonstrate exponentially decaying evanescent fields and
effectively confine the light field within subwavelength scales.

Due to the interaction between light and electrons, SPs
exhibit distinctive optical properties, including confinement
of the optical field at the metal–dielectric interface on a sub-
wavelength scale and significant enhancement in the near-
field.[4] The localization property enables SPs to overcome
the diffraction limit. Optical signals can be transmitted
and manipulated with ultra-high spatial resolution. Simul-
taneously, the near-field enhancement characteristic effec-

tively amplifies inherently weak interactions between light and
matter,[5] enhancing both efficiency and sensitivity in opti-
cal detection. These properties provide SPs with extensive
potential for advancement across various disciplines such as
physics,[6,7] chemistry,[8] and biology,[9] as well as diverse
applications involving plasmonics like surface plasmon res-
onance sensing,[10] plasmon microscopy,[11] plasmonic op-
tical communication,[12] surface-enhanced Raman scattering
(SERS)[13] and surface-enhanced fluorescence.[14]

To harness robust field localization and near-field en-
hancement capabilities in various practical applications, it
is often imperative to excite customized plasmon modes to
achieve specific functionality. A typical example of a plas-
mon application is SERS, which utilizes gaps in disordered
metal films.[15,16] Bowtie nanoantenna dimers show signifi-
cantly strong localized fields to enhance a single molecule’s
fluorescence.[17] In addition, the excitation of unique SP
modes (e.g., SP standing waves[18,19]) can facilitate super-
resolution imaging. Exciting and manipulating plasmonic
modes are crucial for innovative plasmonic devices and the
ongoing discovery of plasmonic properties. A common ap-
proach is to design the geometry of nanostructures to sup-
port different plasmonic modes. The intrinsic modes of these
nanostructures are determined by their structures,[3] and thus,
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specific plasmonic modes can be designed and excited by
varying the shape, size, arrangement, and composition of the
nanostructures. For example, metal nanoparticles[20,21] of var-
ious shapes, such as nanorods, and metasurfaces[22] of various
functionalities can support different SP modes.

However, these nanostructures typically exhibit a fixed
shape after fabrication, leading to immutable intrinsic modes.
It presents a challenge in actively controlling the plasmon
modes. Despite the unalterable geometry of nanostructures,
manipulating various degrees of freedom associated with the
incident light is still feasible to excite and modulate the
plasmon modes. This provides an opportunity for achiev-
ing active control over plasmon modes by tuning specific
parameters of the incident light on a given nanostructure.
Numerous studies have demonstrated that dynamic control
of excited plasmonic modes can be attained by manipulat-
ing polarization,[23–25] wavelength,[26] wavefront phase,[27]

wavevector direction, and other degrees of freedom associated
with the incident light.

Spatial light modulators (SLMs)[28,29] are powerful tools,
which are versatile enough to manipulate many differ-
ent aspects of free-space light. Commercial spatial light
modulators[29] mainly include liquid crystal spatial light
modulators (LC-SLMs)[30,31] and digital micromirror devices
(DMDs),[32] differing in their working principles. LC-SLM
can generate phase holograms by electrically modulating the
liquid crystal molecular orientation, while DMD can generate
binary amplitude holograms by electromechanically control-
ling the spatial orientation of highly reflective micromirrors.
In this context, both LC-SLMs and DMDs are referred to as
SLMs. By utilizing pixel electrodes based on complemen-
tary metal–oxide–semiconductor (CMOS) technology, SLMs
possess a large number of controllable pixel elements with
micrometer scales and precise modulation capabilities. This
enables them to generate high-resolution digital holograms in
real time for modulating free-space light.

Empowered by highly controllable and encodable digi-
tal holograms, SLMs have a powerful and convenient modu-
lation capability. Almost any desired light field can be cre-
ated by SLMs.[33] In terms of shaping the wavefronts of con-
tinuous light, wavefronts with arbitrary phase and amplitude
distributions can be realized by a two-step modulation strat-
egy, even though conventionally LC-SLMs modulate only the
phase and DMDs modulate only the amplitude. For exam-
ple, phase-type digital holograms generated by an LC-SLM
can be used to modulate the phase of free-space light firstly,
and then spatially filtered in a 4 f system. The two-step strat-
egy will ultimately realize simultaneous modulation of the
phase and amplitude distributions of the free-space light wave-
front. To generate optical wavefronts with specific charac-
teristics, such as convergent spherical waves with customiz-

able focus positions,[34] Laguerre–Gaussian beams,[35–38] vor-
tex beams,[39] non-diffracting beams[40–42] and flat-top beams,
wavefront shaping has been widely used. In addition, polar-
ization control in shaped wavefront shaping may be achieved
by separately modulating different polarization components
of the beam. For example, separating the beam into two
orthogonally polarized components using a polarizing beam
splitter (PBS), modulating each component with an SLM-
based wavefront shaping path, and then recombining them.
Polarization-controlled wavefront can produce a more com-
plex vector beam, such as a vectorial vortex beam.[43–45] In
terms of shaping pulsed light, elements such as gratings or
prisms can be used to spatially separate the different frequency
components of the pulse, which can then be controlled using
different regions of the SLM.

The research field of generating arbitrary wavefronts us-
ing SLMs combined with specially designed nanostructures
of specialized designs is promising. Wavefront shaping can
actively control various properties of light, such as phase,
amplitude, polarization, and other degrees of freedom, thus
implementing the excitation and manipulation of SP modes
with specific properties using SLMs. By shaping free-space
light using SLMs, the flexibility allows the generation of cus-
tomized free-space light fields to customize and control SP
modes.

This review aims to introduce the modulation of SP
modes using SLMs and its applications in plasmon-enhanced
spectroscopy. Section 2 offers a concise overview of the prop-
erties of propagating SP modes and surface plasmon polaritons
(SPPs) and the challenges and methods involved in exciting
and controlling these plasmonic modes through modulation of
the incident light using SLMs. Section 3 discusses techniques
for selectively exciting hotspots of localized surface plasmon
(LSP) modes as well as their applications and dynamic con-
trol. Section 4 presents improved approaches for the conven-
tional plasmon-enhanced spectroscopy by modulating the gen-
erated plasmonic modes using SLMs. Finally, we summarize
the research on combining SLMs with SP modes and provide
insights into future developments. It is important to note that
this paper focuses specifically on the excitation of plasmonic
modes using structured light generated by SLMs, while other
topics, such as SLMs based on SP resonance principles[46] or
manipulation of metal nanoparticles using structured light op-
tical tweezers generated by SLMs[47–49] are beyond the scope
of this paper. Interested readers are encouraged to refer to re-
lated articles for further information.

2. Wavefront design and modulation of SPP
The properties of SP enable localizing optical field and

near-field enhancement, greatly facilitating light–matter inter-
actions. Metal nanostructures have facilitated the study of
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the design and control of specific SP modes, laying the foun-
dation for various applications based on SP devices. These
modes provide key methods for directing and enhancing opti-
cal signals at the nanoscale, thus opening up new possibilities
in nano-optical applications.

At the interface of metal and dielectric materials, an
intensively localized light excitation mode known as SPP
emerges.[50] The evanescent field of SPP decays exponentially
in both directions perpendicular to the interface, and it dimin-
ishes substantially smaller than the wavelength in free space.
This highly localized effect allows the propagation of SPP
to be modeled using a two-dimensional Helmholtz equation,
manifesting itself as a two-dimensional electromagnetic mode.
This concept not only simplifies the understanding of the phys-
ical properties of SPP but also provides innovative strategies
for controlling SPP modes reliant on expertise in light manipu-
lation. The properties of the SP mode in the plasmonic waveg-
uide depend on the geometric configuration of the nanostruc-
ture. The behavior of SP mode can be controlled by fabricat-
ing precise nanostructure waveguides,[51] like etched flat metal
waveguides, modulating the dielectric refractive index of the
surface, and constructing nanowires. Besides the propagating
SPP modes, LSP has also gained considerable attention.[52]

The LSP modes confine light within specific regions, leading
to highly intensified light fields and significantly enhancing
the interaction between light and matter. The LSP modes are
widely employed in spectroscopy signal enhancement, high-
lighting the practical applicability of these modes.

Direct excitation of SPP modes with free-space light is
infeasible due to the mismatch between the wave vectors.
Therefore, specific coupling structures are required to ensure
wave vector matching. These structures could be achieved us-
ing prism, scattering, and grating coupling.[50] The excited
SPP wavefront is generated through the interference of con-
tributions from each cell in the coupling structure. Thus,
even a slight variation in the contribution of each cell can in-
duce a change in the SPP wavefront. Designing the geomet-
ric phase of the coupling structures influences the excitation
of SPP modes,[24] and studies have shown that specific SPP
wavefronts can be efficiently excited and controlled by care-
fully designing these structures. Similarly, modulation of SPP
modes can be achieved by directly modulating the polariza-
tion, wavevector frequency, and other characteristics of the
incident light to change the excitation modes of the units of
the coupling structure. Compared with the complex design
and fixed coupling structure, the design and dynamic modula-
tion of a specific SPP wavefront can be realized by modulating
multiple degrees of freedom of the incident light wavefront,
thus providing a powerful method to control the SPP modes
actively.

2.1. SPP focus

Light focusing is the convergence of a light beam into
a smaller spatial region. In classical optics, optical focusing
is achieved by a lens providing a quadratic phase factor to
the free-space optical wavefront so that the wavefront is ap-
proximated as a converging spherical wave and converges at
a point in space. This concentration of the light field energy
in space is integral to enhancing microscopic resolution, inter-
actions between light and matter, information storage density,
and information communication speed. Similarly, according
to the two-dimensional Helmholtz equation, an SPP wavefront
with a given phase and amplitude distribution exhibits a unique
propagation pattern. Specific SPP wavefronts can be generated
by appropriate techniques involving SLM-shaped wavefronts.
Dynamic and flexible alteration of the incident beam can gen-
erate and manipulate various SPP focusing modes as required.
It is a convenient strategy for overcoming the limitations of
fixed lenses or nanostructures. Moreover, shaped wavefront
profiles can also improve SPP focusing by increasing coupling
efficiency and tunability, resulting in high-quality SPP focus-
ing.

Light with converging wavefronts can focus on one posi-
tion (or several positions), such as converging spherical waves,
plane waves passing through the Fresnel zone plate, and so
on. Both the design of coupling structures and modulation of
excitation light can be informed by knowing the 2D converg-
ing wavefront patterns. These strategies enable the genera-
tion of converging SPP wavefronts, which are like converging
cylindrical waves in free space, and then lead to SPP focusing
on the desired positions.[53,54,58] Zhao et al.[53] demonstrated
dynamic control of SPP focus. By using an SLM to gener-
ate 2D Fresnel-zone type SPP patterns on a metal film with
a coupling grating, they could dynamically control the posi-
tion of the focused SPP spot both in parallel and perpendicular
directions. The results were confirmed by leakage radiation
microscopy. They suggested that the method could be help-
ful for various plasmonic applications. A similar method is
the phase-controlled excitation light wavefront mode. It can
alternatively be employed for the focusing and dynamic ma-
nipulation of the SPP focus position. Yuan et al.[58] demon-
strated that by using a SLM to generate vortex light with dif-
ferent topological charges and irradiating them on a metal film
with an arc-shaped slit, they could dynamically control the po-
sition and shape of the focused SPP spot on the metal sur-
face. They confirmed their results by using finite-difference
time-domain simulations and near-field scanning optical mi-
croscopy measurements.[54]

As illustrated in the previous SPP focusing examples
about achieving SPP focusing and required spatial positioning,
the design of excitation light wavefront modes exhibits great
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flexibility. This flexibility suggests that the light wavefront
modulated by an SLM offers a vast range of options for opti-
mizing the focusing mode.[55,59–61] For example, it is possible
to target the focus of SPP onto any specific spatial position.
Gjonaj et al.[55] demonstrated that using an SLM to modulate
the incident light amplitude and phase on a metal film with
a nanohole array, they could dynamically control the position
and shape of the focused SPP spot on the metal surface. They
confirmed their results using numerical simulations and near-
field scanning optical microscopy measurements. In their in-
terpretation, SPP focusing idealizes a superpixel into a light
source placed at a specific location in the illumination area.
When all sources contribute phases consistently at the target
position, the target field reaches a peak value, thus leading to
SPP focusing. The highly symmetrical periodic nanopore ar-
ray featured in this study allows for theoretical calculations
and analyses. Therefore, they use the measured Green func-
tion to link the input of the excited light to the single-point
SPP complex amplitude output. The measured Green function
is adaptable to the creation of SPP modes based on any arbi-
trary nanostructure and any field distribution. Subsequently,
Gjonaj et al.[59] have showcased Bloch mode-altered SPP in
arrays of nanoholes with varying sub-wavelength periodici-
ties. A counter-propagating SPP interference pattern is gen-
erated, enabling precise manipulation of the pattern’s transla-

tion and orientation by modulating the phase of superpixels.
As the SPP wavelength is smaller than that of free-space light,
superior optical diffraction resolution is achievable by design-
ing nanostructure lenses to decrease the numerical aperture of
SPP. Based on this principle, 2D scanning imaging plasmon
microscopy has been accomplished by generating an SPP fo-
cal point with the phase-structured illumination of an SLM.[60]

A comprehensive understanding of their SPP mode exci-
tation and propagation for simple nanostructures can improve
SPP functionality. The SPP wavefront intensity and phase at
specific locations are determined by merging theoretical and
numerical computations to guide the excitation light wavefront
phase configuration. Understanding the relationship between
the excitation light wavefront phase and SPP focal point posi-
tion permits the acquisition of any given intensity distribution
pattern.[56,62] Wei et al.[56] demonstrated that by using an SLM
to modulate the phase of the incident light on a metal film with
a ring slit, they could dynamically control the position and
shape of the focused SPP spot on the metal surface. They con-
firmed their results using numerical simulations and near-field
scanning optical microscopy measurements. This methodol-
ogy can generate broadband SPP modes, delivering potential
applications for creating different frequency SPP fields, high-
speed in-plane communication, and high data storage capacity.

(a) (b) (c)

(e)(d) (f)

Fig. 1. Dynamic focusing of SPPs through (a) amplitude modulation of a Fresnel-zone type beam incident on a grating coupler.[53] SPP patterns
with Fresnel-zone type binary wavefront on the Au film focused at the point determined by the order number of Fresnel zone. (b) Phase
modulation of an optical vortex beam incident on an arc-slit-shaped nanostructure.[54] The figure shows the vertical displacement of the SPP
focal spot versus the topological charge of the optical vortex beam. The insets show near-field intensity distributions for topological charges of 2
(upper left) and 6 (lower right). (c) Shaped wavefront designed by Green function.[55] The lower right picture shows a background reference of
a uniform phase profile wavefront, and the other pictures show that SPPs focus on freely chosen targets. (d)–(e) Shaped wavefront designed by
numerical computations of phase retrieval algorithm.[56] Intensity distributions of elliptically shaped intensity patterns with different eccentricities
and orientations. (f) Shaped wavefront designed by the measured transfer matrix.[57] The picture shows that SPP focused on 6 points, measured
by a leakage radiation microscope.
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The ordered symmetries of periodic nanostructures may
trigger a decoupling from specified free-space optical modes.
The decoupling decreases the practical degrees of freedom in
wavefront control. Hence, using disordered nanostructures
is advantageous due to their capability to enhance the sig-
nal intensity of input and output channels. Historical com-
plexities associated with disordered structures have limited re-
search and applications. However, the strong wavefront con-
trol capacity of the SLM has uncovered and employed the
transmission characteristics of disordered media.[57,63,64] Uti-
lizing SLM to reveal disordered input and output properties of
nanostructures is essential for exploiting these structures, and
then their unique wavefront modes produced and customized
via SPP modes. Making use of the flexibility of SLMs, it is
helpful to acquire the transmission matrix of nanostructures.
Choi et al.[57] demonstrated that by using an SLM to modu-
late the wavefront of the incident light on a metal film with
a disordered nanopore array, they could dynamically control
the position and shape of the focused SPP spot on the metal
surface. They confirmed their results using numerical simu-

lations and near-field scanning optical microscopy measure-
ments. Their method could be helpful in various plasmonic
applications. This breakthrough significantly increases the
input–output channel relationship from far-field to SPP, pro-
moting the application of SPP in optoelectronic devices.

2.2. SPP and orbital angular momentum

Light can carry both spin angular momentum (SAM) and
orbital angular momentum (OAM). The former corresponds to
circular polarization, and the latter is associated with the spi-
ral phase of the wavefront.[65] It was revealed by Allen et al.
in 1992 that there is an intrinsic correlation between the spiral
phase wavefront and OAM of light. A direct correspondence
is between the topological charge of the phase singularity of
the spiral phase and the quantum state of the quantized OAM
of photons. The pioneering work by Allen et al. points out
the unique topological properties of OAM beams, thus giving
rise to a tunable degree of freedom that has been exploited
in diverse fields, such as optical tweezers, imaging and mi-
croscopy, quantum optics, and optical communication.

(a)

(b)

(c)

(d)

(e) (f) (g)

Fig. 2. (a)–(b) Holographic SPP coupler for detecting vortex light with a specific topological charge.[66] (a) Scanning electron micrograph
image of the holographic coupler, scale bar 1 µm. (b) Photocurrent measurements of the photodiode show that the maximum photocurrent is
measured for vortex light with a topological charge of −1. (c), (d) SPP grating coupler for detecting the topological charge of an arbitrary vortex
beam.[67] (c) SEM image of the grating coupler with a scale bar of 10 µm. (d) Different vortex beams have different beam splitting angles
determined by the topological charge, and quantitative measurements of the topological charge can be realized based on the splitting angle.
(e)–(g) Simulation results of plasmonic vortex beams produced by Archimedean helical plasmonic lens.[68] The figure shows the plasmon vortex
beams with different topological charge l, helical structure geometric charge m, and circular polarization parameter s, where (e) (l,m,s)= (0,1,0),
(f) (l,m,s) = (0,3,0), and (g) (l,m,s) = (−1,3,−1).
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Employing nanostructures as couplers enables the cou-
pling of vortex light to specific SPP modes. An SLM is an
effective tool to generate vortex light with varying topological
charges and is extensively employed in related studies.[66,67,69]

Genevet et al.[66] developed a plasmon coupler based on a
holographic surface that could selectively couple vortex light
with a specific topological charge to a focused SPP mode, thus
enabling the detection of vortex light with different topologi-
cal charges. Chen et al.[67] devised a compound grating that
could couple vortex light with different topological charges to
SPP modes with different propagation directions, enabling the
routing of vortex light with different topological charges.

In contrast to free-space light, SPPs offer superior optical
field confinement and subwavelength characteristics, thereby
potentially expanding the application of vortex light into the
nanometer scale. An SPP mode carrying OAM is known as
plasmon vortex light. The spiral phase of the exciting light can
produce plasmon vortices through a coupling structure that ex-
cites the SPP wavefront with the spiral phase. It has been em-
pirically verified that plasmon vortices can be elicited by de-
vising the geometric phase of the coupling structure, such as
spiral structures and metasurfaces. It implies the feasibility of
dynamic control of plasmon vortices by varying the topologi-
cal charge and spin of the incident vortex light. These plasmon
lens structures, known as coupling structures, often exhibit
distinct responses to excitation light with varying topological
charges and spins, such as selectively inducing plasmon vor-
tices with dissimilar topological charges or altering the central
position of the plasmon vortex.[68]

2.3. SPP non-diffraction beams

The three-dimensional Helmholtz equation determines
the phenomenon of light propagation in free space. The
wave characteristics of light induce diffraction phenomena
during propagation, which consequently cause alterations in
the phase front amplitude. A breakthrough occurred in
1987 when Durnin could mathematically determine a spe-
cific Bessel beam resolution to the Helmholtz equation that re-
mains unaltered throughout its propagation.[70] Intensely scru-
tinized for its unique, consistent wavefront and non-diffracting
properties, this light travels in a linear path. In addition,
self-accelerating beams, or curved-line propagation solutions,
successfully preserving constant wavefronts, were identified.
This concept was named thus due to the prediction of Berry
and Balazs surrounding the unique ‘acceleration’ properties
of Airy wave packets in free space, despite no external forces
acting upon them.[71] Siviloglou suggested an innovative ap-
proach in 2007 to truncate infinitely energetic Airy beams.[72]

This technique successfully created Airy beams propagating in
a parabolic trajectory during experimental trials, attracting sig-
nificant interest. The research scope quickly extended to Airy

beams with arbitrarily defined convex trajectories and beyond
to Bessel and Mathieu beams with arbitrary convex trajecto-
ries.

The propagation of SPPs satisfies the two-dimensional
Helmholtz equation. Unlike the free-space light, which is
three-dimensional, only two non-diffracting solutions under
paraxial approximation are available for monochromatic SPP:
plane wave and Airy beam.[71] Plane waves are diffraction-
free, and a consine beam which is the superposition of two
mirror-symmetric plane waves is also diffraction-free. The
cosine-Gauss surface plasmon beam, which is obtained from
the interference of two Gaussian-envelope truncated SPP
beams, has a narrow main lobe of SPP wavelength magnitude
and self-healing characteristics. It was produced experimen-
tally by dual grating couplers and achieved tunable propaga-
tion direction.[75,76] By adjusting the phase of the excitation
light wavefront to replace the geometric phase provided by the
angle of the grating couplers, SLM is beneficial for designing
grating coupler structures as it can invoke linear phase mod-
ulation on the incident light. This allows reliable and simple
excitation of SPP plane waves with varying wave vector direc-
tions. Wang et al. calculated a cosine-Gauss surface plasmon
beam upon a gold film surface and a simplistic grating struc-
ture on a silica substrate.[73] By modulating the wavefront of
the transmitted wave with the phase mask loaded on the SLM,
it is demonstrated that the generation and the propagation di-
rection modulation of the cosine-Gauss surface plasmon beam
can be achieved by changing the phase mask. This reveals
the feasibility of convenient generation and dynamic control
of Gaussian cosine SPP beams through SLM.

The plasmonic Airy beam is the only non-trivial, non-
diffracting solution to the two-dimensional Helmholtz equa-
tion under the paraxial approximation. The Airy beam propa-
gates non-diffractively along a parabolic curve trajectory and
exhibits self-healing properties. Plasmonic Airy beam has
been demonstrated that its main lobe maintains the size and
intensity better than SPP with a Gaussian envelope does.[77]

In order to generate a plasmonic Airy beam, a specially de-
signed grating coupler structure[78] or scattering structure[79]

is required to obtain the wavefront phase of the Airy function
distribution. Despite the strong energy dissipation on the metal
surface, plasmonic Airy beam was still achieved experimen-
tally. An alternative method is to use a free Airy beam gen-
erated by SLM, which is incident on a simple grating coupler
to generate a plasmonic Airy beam. Zhang et al.[74] achieved
generation and dynamic control generation of the surface plas-
mon Airy beam by modulating the wavefront of the incident
light as it excited the grating coupling structure by wavefront
shaping. They validated its light intensity as it propagated non-
diffracting along a parabola through observation via a leakage
radiation microscope. Moreover, they managed to showcase
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real-time alterations in beam tilt angle via the computer ad-
dressing of the SLM, which effectively demonstrated the dy-
namic control of the surface plasmon Airy beam.

3. Selective excitation and dynamic control of
LSP hotspots
At the sharp edges of metal nanostructures, gaps, and

other geometries with nanometer fluctuation, localized sur-
face plasmon can generate highly localized electromagnetic
fields at the nanoscale known as hotspots. In the past
decades, hotspots have been one of the critical drivers of
nanoscale fabrication methods as well as the exploration of
new materials for nanophotonics. As a considerable en-
ergy concentration mode, it was first discovered on rough
metal surfaces.[15] Research interest has since expanded to
include metal nanoparticles[20] of various shapes as well as
metasurfaces[22] of various functionalities.

3.1. By pulse shaping

Before electron scattering resulted in decreased conduc-
tivity and the significant impact of electron tunneling on metal
losses, there was a tendency for enhanced hotspot energy con-
centration in nanostructures as nanoparticle sharpness or inter-
particle gap distances reduced.[80] This has led to extensive
research on metal nanoparticles with subwavelength dimen-
sions in one or more directions. For simple metal nanoparticle
structures, such as nanospheres and nanorods, the matching
wavevector provided by the structure allows hotspots to be ex-
cited directly by free-space light. However, the excitation light
wavefront felt by metal nanoparticles is limited by the diffrac-
tion limit in the subwavelength scale region. And the inten-
sity and phase of excitation light remain almost at the same
level. These reasons make it difficult to dynamically control
the hotspot by modulating the phase of the incident light.

(a) (b) (c)

(d) (e) (f)

Fig. 3. Selective excitation and dynamic control of hotspots (a)–(c) by an ultrashort chirped pulse.[87] (a) Spatial distribution of the smooth
density of the V-shaped nanostructure (lower) and the negatively chirped pulse (upper). (b) and (c) Simulation results of the spatial distribution
of the localized electric field at different moments show that the excitation energy is concentrated at the apex of the V-shape during that period.
(d)–(f) By adaptively shaped pulses.[88] (d) Schematic diagram of the experimental scheme for adaptive pulse shaping. (e) and (f) PEEM image
of the hotspot after performing adaptive optimization, with emission dominating in the upper region and emission dominating in the lower region.

Metal nanostructures have frequency-dependent optical
responses due to the intrinsic dielectric function dispersion
of the material. Thus, the spatial distributions of modes
generated by incident light excitation at different frequencies
differ.[81] Based on the idea of coherent control,[82] the hotspot
excitation can be effectively modulated. By using the differ-
ent frequency components that ultrashort pulses have, appro-
priately modulating the intensities and phases of different fre-
quency plasmon modes of coherent excitation can be realized.

Assuming that an ultrashort pulse is incident on the metal
nanostructure, the different SP eigenmodes of the metal nanos-
tructure will be excited by the pulse. And then the amplitude
and phase of each frequency component of the pulse determine
the intensity and phase of their excitation. If the total duration
of the ultrashort pulse is smaller than the SP decoherence time,

the different frequency-excited SP eigenmodes will coexist si-
multaneously. SP eigenmodes interfere in the overlapping re-
gion of time and space distribution.[83] By appropriate control
of the intensity and phase of the excited SP eigenmodes, the
SP modes at the desired position can constructively interfere
at a given time. It will result in a high concentration of light
field energy.

Coherent control based on the shaped pulse was ear-
lier applied to control quantum states of atomic and molecu-
lar systems with microscopic chemical reaction processes.[84]

Subsequently, optimization of the spectral phase of femtosec-
ond laser pulses in combination with an iterative algorithm-
controlled SLM pixel voltage-encoded pulse shaper was de-
veloped. It has been successfully applied to adaptive, coherent
control of various types of chemical reactions. The coherent
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control adaptive optimization does not depend on the infor-
mation of the sample substance and has good scalability. The
method is soon extended to the study of high harmonics[85]

and nonlinear Raman spectroscopy.[86]

The concept of coherent control of ultrashort pulses can
be naturally introduced to plasmonic excitation systems to
achieve dynamic control of hotspots. Using phase modulation
of femtosecond pulses as a functional degree of freedom, it is
available to coherently control the plasmon excitation modes.
Both the spatial distribution and concentration of energy of
the plasmon can be designed. Stockman et al.[87] proposed
the concept of coherent control in nanostructures. Theoreti-
cal calculation shows that the selective excitation of the given
hotspots in nanostructures can be achieved by modulation of
the chirp of the ultrashort pulse. Chirped pulses with Gaus-
sian envelopes are considered for the excitation of V-shaped
metal nanostructures. The simulation results show that a suit-
able negative chirp pulse drive can concentrate the excitation
energy at the apex of the V-shape. It reveals the important role
of phase modulation in the realization of spatially distributed
dynamic modulation of local field of the nanostructures.

Ultrashort pulse chirped linear modulation can be ex-
tended to arbitrary phase difference modulation with the help
of SLM pulse shaping. By making use of multiparameter-
shaped pulses, achieving coherent control of plasmon exci-
tation modes has been proven possible and powerful.[88–92]

Aeschlimann et al.[88] used an adaptive algorithm to optimize
a vast number of degrees of freedom of pulse shaping. They
regulated the polarization state of the excitation pulses, which
concerned the phase difference of the different frequency com-
ponents. They achieved an adaptive polarization selective ex-
citation control experimental results of the hotspot of nanos-
tructures with the near-field distribution. The experiment em-
ployed a star-shaped arm structure composed of three silver-
plate dimers with the nanogap of the silver-plate dimer disk
supporting the hotspot mode. The excitation pulses, which
were injected into the star-arm metal nanostructures, were
modulated by the SLM pulse shaper. The intensity, instanta-
neous oscillation frequency, and polarization state were modu-
lated. The high spatial resolution two-photon PEEM was used
to measure the spatial distribution of the optical field intensity
within the nanostructures, which provided feedback signals for
the adaptive algorithm to implement the adaptive optimization
of SLM pulse shaping. Thus, the dimer gaps of the different
sub-wavelength regions could be successfully and selectively
excited.

3.2. By wavefront shaping

Due to the continuous progress of nanofabrication tech-
nology, metasurfaces designed based on various complex
structures can have many advantages, such as high effi-
ciency, wide spectral bands, and low-cost fabrication, which

has caused a boom in research on metasurfaces. Inter-
component interaction is one of the important degrees of
freedom in designing metasurfaces. When the metasurface
units (i.e., supermolecules) are closely spaced, their strong
inter-supermolecule interactions allow long-range interactions
within the metasurface, significantly altering the energy signa-
ture spectrum of the system.[93] Micrometer-scale coherence
length has been reported on disordered metal surfaces of cer-
tain permeability.[94]

Although the scales of the units of metallic metasurface
nanostructures are much smaller than the wavelength of the in-
cident continuous light, the dependence on the strong interac-
tions and energy exchange between the units makes coherent
control still possible. The interactions ensure that the excita-
tion outside the half-wavelength has a sizable contribution to
the target spot. Thus, the wavefront phase degrees of freedom
limited by the diffraction limit can be used for selective excita-
tion and control of hotspots in metallic metasurface structures
with strong interaction between the units.

Consider monochromatic continuous light with shaped
wavefront phase and amplitude incident on a metasurface with
small spatial distances between elements and thus strong in-
teractions. The excitations in the supramolecule can be the-
oretically regarded as point dipoles. The dipole–dipole inter-
actions allow the energy to be coupled into the neighboring
supramolecule to form a collective oscillation mode.[95] Based
on coherent control, the collective oscillatory modes excited at
different spatial locations are coherently phased at the desired
locations. By controlling the phase and amplitude of the in-
cident light wavefront, it is possible to realize the selective
excitation of hotspots.

Wavefront shaping applied to subwavelength hotspot cre-
ation and movement was first theoretically proposed in di-
electric periodic structures. A time-inversion method (or
phase conjugation of monochromatic light) was used to gen-
erate a shaped wavefront to achieve subwavelength focusing
at any selected point on the substrate.[97] Selective excitation
of hotspots through spatial phase-shape beam control using
higher-order beams such as Hermite–Gaussian and Laguerre–
Gaussian beams was also experimentally achieved.[27]

Kao et al.[95] presented a theoretical concept for the gen-
eration and localization of subwavelength-level hotspots on
two-dimensional arrays of nanoscale supramolecules using a
coherent monochromatic beam. By depicting such metasur-
faces as regular arrays of discretely interacting simple dipole
scatterers, numerical calculations show that the energy can
be almost exclusively focused on the subwavelength hotspot
(0.06λ × 0.17λ ) of an isolated supramolecule by tuning the
spatial phase distribution of the incident beam alone. The gen-
eration and movement of the subwavelength hotspot (0.22λ ×
0.17λ ) are subsequently experimentally verified.[96]
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(a) (b) (c)

(d) (e) (f)

Fig. 4. Subwavelength continuum shift of metasurface hotspot realized by wavefront shaping. (a)–(c) Theory.[95] (a) Schematic diagram of the
principle. (b) and (c) The metamaterial is modeled as an array of dipole scatterers, and the numerical simulation results demonstrate the feasibility
of continuously moving the hotspot to a specified location by changing the phase distribution of the incident beam. (d)–(f) Experiment.[96]

(d) SEM images of the metasurface. (e) and (f) Experimental realization of moving the hotspot continuously to a specified position by modulating
the phase distribution of the incident beam.

4. Plasmon-enhanced spectroscopy combined
with SLM

The highly localized light-field energy properties of SPs,
including SPP and LSP hotspots, can significantly amplify
the spectral signals generated by the interaction of light and
matter. The surprising enhancement of the Raman signal, the
first discovery of SERS, was observed in 1974 by Fleischman
et al.[15] They found that electrochemically roughened silver
electrodes play an important role in enhancing the Raman sig-
nal of pyridine molecules. This discovery greatly promotes
further studies on the electromagnetic nature of plasmon-
enhanced spectroscopy. Metal nanostructures capable of Ra-
man enhancement and a broader type of SP-induced spec-
tral enhancement were discussed and proved soon.[6] Inspired
by the SERS phenomenon, Glass et al.[98] observed fluores-
cence enhancement of dye molecules, which were adsorbed
on rough silver island films. And Chen et al.[99] reported
second-harmonic enhancement on rough silver surfaces. The
influence and applications of SP spectral enhancement are im-
mense, extending into physics, chemistry, archaeology, bio-
logical sciences, pharmaceutical research, forensic science,
etc. By incorporating the active control and selective exci-
tation capabilities of SLM on SP modes, the applications in
these fields will be further broadened.

4.1. SERS

Surface-enhanced Raman scattering is a highly sensitive
method for exploring material and structural properties.[13,100]

The inelastic scattering of light induced by molecular vibra-
tions, i.e., the Raman scattering signal, is very weak due to
its tiny scattering cross-section. Combining a molecule with
a hotspot of plasmon excitations enhances the Raman signal
by as much as 14 orders of magnitude, which allows the Ra-
man signal to be easily observed. One of the key mechanisms
of SERS is the electromagnetic mechanism. The Raman in-
tensity is positively correlated with the intensity of the local
electric field of the plasmon, so the optimization of the field
enhancement of the hotspots is essential for the further en-
hancement of SERS. The design of nanostructures and the ac-
tivation of their hotspots to enhance the signal intensity are
crucial aspects of SERS research. Hotspots of structures such
as rough metal surfaces, metal particle island membranes, and
fractal nanoparticle clusters have been investigated for SERS.
Interstitial modes of nanoparticle dimer structures have been
reported to generate single-molecule SERS signals afterward.

Modulating the incident light wavefront phase, ampli-
tude, and other degrees of freedom can focus the optical field
energy on the hotspot to enhance the local field. Moreover,
more efficiently coupling the incident light energy into the tar-
get plasmon mode can be achieved by wavefront shaping. In
addition, the incident light dynamically modulates the spatial
location and mode distribution of hotspots, which will be con-
ducive to the ability of subwavelength-resolved SERS. Using
SLM to shape the wavefront of the incident light can optimize
and modulate the local field of the hotspot. Thus, the SERS
signal is further enhanced and dynamically modulated.
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(a) (b)

(c)

Fig. 5. (a) Comparison of SERS signals of silver nanosphere–thin sil-
ver film gap mode under excitation of a perfectly radially polarized beam
(red) and radially polarized beam (black).[101] (b) Superresolution imag-
ing of collagen fibers. Imaging results indicate that the thickness of col-
lagen fibers is about 100 nm, which is consistent with measurements by
other methods.[104] Super-resolution imaging of Escherichia coli.[105] Su-
perimposition of both SERS super-resolution image (red) and SEM image
(gray) of the bacterial sample.

Shaping the wavefront using SLM can optimize the ex-
citation efficiency of specific LSP modes, thus improving the
signal on top of the original SERS enhancement.[101–103] Yang
et al.[101] utilized tightly focused, perfectly radially polarized
light to improve the excitation efficiency of nanoparticle-thin-
film interstitial modes and experimentally obtained SERS sig-
nals. In the tight-focusing scheme, irradiation of a perfectly ra-
dially polarized beam allows the incident light to enter at a res-
onant angle and form an SPP hotspot, effectively exciting the
nanoparticle-thin-film interstitial modes located at the hotspot.
This experiment generates perfectly radially polarized light
through a helical plate and SLM modulation and tightly fo-
cuses it through a high numerical aperture oil-immersed lens.
Their method enhances the SERS intensity of nanoparticle-
thin-film interstitial structures by a factor of 20 compared to
radially polarized light.

Precise positioning and subwavelength shifting of
subwavelength hotspots allow simple implementation of
subwavelength SERS imaging with far-field coherent
control.[104–108] Thus, it avoids the problem of hotspots failing
to illuminate part of the sample region under static illumina-
tion, which leads to imaging failures in certain regions. Com-
bined with a customized super-resolution imaging scheme
stochastic optical reconstruction microscopy (STORM) al-
gorithm to observe and process the scintillation behavior of
SERS hotspots, it can effectively utilize the sub-wavelength
resolution of hotspots with the spectral resolution of Raman
scattering. Ertsgaard et al.[104] combined STORM with SERS
to achieve hotspot localization and super-resolution chemi-
cal imaging. This experiment utilized STORM to achieve
super-resolution hotspot localization within 10 nm on an ar-
ray of silver nanopores with dynamic adjustment of hotspot

position. Based on the precise control of hotspot localization,
this experiment also performed chemical imaging of collagen
fibers, verifying the super-resolution imaging capability of the
scheme.

4.2. Plasmon-enhanced photoluminescence

The phenomenon of photoluminescence (PL) refers to the
spontaneous emission of a material, wherein it transitions to
an excited electronic state after light excitation. This phe-
nomenon finds extensive applications across various fields,
from medical diagnostics to detection. Plasmon hotspots can
significantly enhance fluorescence signals.[109] The fluores-
cent substances are strongly excited by the plasmon localized
field of metal nanostructures to increase the excitation rate. At
the same time, its emission properties are altered by the inter-
action with metal nanostructures, such as quantum yield, life-
time, and emission direction, which significantly enhances PL
signals and radiation direction control. Like SERS, modula-
tion of the incident optical degree of freedom can significantly
optimize the local field strength and change the local field dis-
tribution of metal nanostructures, enabling optimization and
dynamic modulation of plasmon-enhanced fluorescence.

Wavefront shaping of incident light can effectively excite
specific nanostructured LSP modes and modulate their polar-
ization, which is suitable for PL signal enhancement. Lee et
al.[110] used adaptive optics algorithms to optimize the gold
tip–surface gap mode to enhance PL signals of transition metal
disulfides (TMDs). An adaptive algorithm was used to control
the SLM to optimize the maximization of the in-plane compo-
nent of the tip-LSP mode and to optimize the excitation of the
in-plane dipole of the monolayer WSe2 exciton. Experimen-
tally, the PL of the WSe2 monolayer was observed to be twice
as strong as that of the conventional TEPL while maintaining
a spatial resolution of 14 nm. Subsequently, the method was
used to study the structural and optical response of nanoscale
folds inherently formed in WSe2 monolayers.[112]

The coupling of materials to metal nanostructures can
be utilized, effectively converting the coherent control of the
plasmonic exciton modes into the control of the material ex-
citations. The spatial differences in the dipole moments of
the different exciton modes of the material make the coupling
strength of these exciton modes to the different discrete ex-
citon modes of the metal nanostructures different. The ex-
citon excitation ratios of the material can be modulated by
changing the excitation of the discrete exciton modes. Koo et
al.[111] realized the regulation of the intralaminar and interlam-
inar excitation ratios of the torsion heterogeneous bilayer of
a transition-metal disulfide by dynamically manipulating dis-
crete exciton modes of a gold nanocavity via shaped wavefront
shaping. Based on this principle, the modulation of exciton ex-
citation ratios is demonstrated for plasmon nanocavity-exciton
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transistors. The dipole moments of the interlayer excitons of
transition metal disulfides have an out-of-plane component,
which is not present for the intralayer excitons. Therefore,
different polarization modes of the nanocavity can be excited

by adaptive algorithms to selectively achieve three states of
enhanced intralayer excitons, enhanced interlayer excitons, or
both. With this idea, a 2-bit all-optical transistor in an area of
∼ 25 nm2 is experimentally demonstrated.

(d)

(a) (b) (c)

(e) (f)

Fig. 6. (a)–(c) Adaptive tip-enhanced fluorescence spectra.[110] (a) Schematic of the experimental setup for tip-enhanced WSe2 monolayer
fluorescence with an adaptive optimization loop. (b) Comparison of far-field PL (black), TEPL spectra (blue), and adaptive-shaped wavefront
TEPL spectra (red) for WSe2 monolayers. (c) Adaptive TEPL image of Au film of monolayered WSe2 (upper) with the blue line TEPL intensity
distribution showing a spatial resolution of 14 nm (lower). (d)–(f) Selective control of intra-layer exciton vs. inter-layer exciton excitation.[111]

(d) Schematic of the enhanced excitation of intra-layer exciton and inter-layer exciton tips for adaptive selective control of WSe2 Mo0.5W0.5Se2
heterobilayer. (e) Optimized interlayer exciton excitation. (f) Optimized intra-layer exciton excitation.

4.3. Plasmon-enhanced nonlinear signals

Optical nonlinearity arises from the superlinear interac-
tion between matter and light. Under the electric dipole ap-
proximation, the nonlinear optical response of a material can
be described by a power series expansion and results in mix-
ing to generate new frequencies or modulate the original inci-
dent light propagation properties. In practical applications, the
second harmonic generation (SHG) of second-order nonlinear
processes, along with the third harmonic generation (THG)
and four-wave mixing (FWM) of third-order nonlinear pro-
cesses, has received much attention. Considering that the non-
linear coefficients of matter are usually small, a high-intensity
light field is usually required. The plasmon localized light
field can significantly enhance the nonlinear optical response
of matter interacting with metal nanostructures.[113]

Optimization of SPP adiabatic focusing at the metallic
tip by SLM pulse shaping is an effective countermeasure for

controlling and enhancing its nonlinear signals. A study by
Toma et al.[114] demonstrated the ability to optimize the SHG
at the tip of a gold tip by utilizing an adaptive optimization
algorithm. Experiments consisted of shaping femtosecond
lasers by a pulse shaper of two SLMs, which were projected
onto a conical gold SPP waveguide grating structure to gen-
erate an adiabatic focusing hotspot. Optimization of the SHG
spectral peaks was achieved at three wavelengths. For each
wavelength, they used an iterative optimization algorithm to
change the third-order dispersion profile of the SPP pulse,
demonstrating the manipulation and control of the wavefront
at the tip of the gold. On the other hand, Kravtsov et al.[115]

found that the gradient-field effect of the gold tip structure
triggers an efficient third-order nonlinear response. Modula-
tion by a 4 f pulse shaper generates shaped pulses producing
phase-uniform modes at the tip. In the near-IR spectral range
(∼ 800 nm), they demonstrated that when transitioning from
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nondegenerate to degenerate FWM the conversion efficiency
was up to 10−5, and the corresponding third-order nonlinear
optical susceptibility χ

(3)
Au was up to 10−19 m2·V−2. Based

on this principle, they also realized femtosecond FWM nano-
imaging of graphene, revealing its unique nonlinear nano-
optical properties.[116]

(a)

(b)

(c)

(d)

(e)

(f)

(g)

Fig. 7. (a)–(c) Second harmonic spectral control of a gold cone tip.[114] Second harmonic spectra were obtained by excitation of laser pulses
with a third-order dispersion of 2000 fs3 and inflection points of (a) 770 nm, (b) 800 nm, and (c) 830 nm, respectively. (d)–(e) Enhanced third-
order optical nonlinearities driven by the field gradient at the gold conical tip.[115] (d) Schematic of the experimental setup and FWM signal
generation principle. (e) Tip-generated FWM signal measurements are plotted with full laser spectrum (gray), fundamental wave scattering at
the tip apex (red), incoherent emission (IE) background, and coherent FWM peak (blue). (f)–(g) Ultrafast FWM nano-imaging of graphene.[116]

(f) Schematic diagram of the experimental setup. (g) FWM images of graphene with double-pulse excitation at different time delays.

5. Conclusion and perspectives

The powerful optical field-shaping capability of SLM for
each degree of freedom of free-space light can be translated
into the generation and modulation of SP modes of metal
nanostructures. Through far-field optical control, SLM en-
ables the excitation of plasmon modes with numerous tunable
degrees of freedom for mode optimization and dynamic mod-
ulation. By shaping wavefront phase and amplitude for con-
tinuous light or shaping pulse for ultrashort pulses, it becomes
possible to customize and modify almost any desired plasmon
mode for a given nanostructure. Based on the design of excited
SPP wavefronts, various specific SPP modes, such as SPP fo-
cusing, plasmon vortex beams, and plasmon diffraction-free
beams, can be achieved and modulated. Based on coherently
controlled excitation of LSP modes, selective excitation and
subwavelength shifts of hotspots are demonstrated. The se-
lective generation, optimization, and dynamic control of the
plasmon modes are crucial for tailoring the desired modes for
various applications, which are expected to play an important
role in designing and developing nanophotonic signal trans-
mission and signal processing devices.

The localized light field of surface plasmons significantly
enhances the spectral signals generated by the interaction be-
tween light and matter. This allows for modulation of the
plasmonic excitation modes, expanding the boundaries of ap-

plications in plasmon-enhanced spectroscopy. The combi-
nation with adaptive algorithms enables optimization of var-
ious plasmon-enhanced spectroscopy signals. Additionally,
there are novel applications that combine nanoscale-resolution
hotspots with spectral resolution. The various schemes com-
bining plasmon-enhanced spectroscopy with SLM demon-
strate the universality and expandability of structured light-
optimized plasmon spectral enhancement. The tunable de-
grees of freedom offer promising research prospects.

Although many important studies support the critical role
of the modulation supported by SLM in plasmon-enhanced
spectroscopy applications, many other related areas of plas-
mon have yet to be explored in conjunction with structured
light far-field dynamic control. Many exciting works have
been reported so far. For example, holographic plasmonic
nanotweezers have been demonstrated to trap and dynami-
cally manipulate nanoparticles at subwavelength scales.[117]

Surface plasmon microscopic sensing without any mechanical
movement has been realized by shaping the wavefront profile,
which greatly extends the utility of confocal-based SP sensing
and imaging.[118] A novel ultrastable interferometer system
with superior noise performance empowered by SLM shows
promise for high-precision bioassay applications.[119] By us-
ing a spatial light modulator to arbitrarily control the location
of hotspot excitation, arbitrarily dispersed microbubbles can
be generated by the plasmon photothermal effect.[120] In ad-
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dition to the field of plasmon photocatalysis, plasmon photoa-
coustics can also introduce the shaped light field for optimiza-
tion and dynamic control. The combination of various struc-
tured light and shaped light fields with metal nanostructures
promises exciting advances in the future, which will pave the
way for further research on light–matter interactions and the
development and design of nanophotonic devices.

Acknowledgments
Project supported by the Guangdong Major

Project of Basic and Applied Basic Research (Grant
No. 2020B0301030009), the National Key Research and De-
velopment Program of China (Grant No. 2022YFA1604304),
and the National Natural Science Foundation of China (Grant
No. 92250305).

References
[1] Barnes W L, Dereux A and Ebbesen T W 2003 Nature 424 824
[2] Ozbay E 2006 Science 311 189
[3] Maier S A 2007 Plasmonics: fundamentals and applications (New

York: Springer)
[4] Schuller J A, Barnard E S, Cai W, Jun Y C, White J S and Brongersma

M L 2010 Nat. Mater. 9 193
[5] Yu H, Peng Y, Yang Y and Li Z Y 2019 Npj Comput. Mater. 5 45
[6] Moskovits M 1985 Rev. Mod. Phys. 57 783
[7] Wu H, Gao Y, Xu P, Guo X, Wang P, Dai D and Tong L 2019 Adv. Opt.

Mater. 7 1900334
[8] Zhan C, Chen X J, Yi J, Li J F, Wu D Y and Tian Z Q 2018 Nat. Rev.

Chem. 2 216
[9] Jain P K, Huang X, El-Sayed I H and El-Sayed M A 2007 Plasmonics

2 107
[10] Homola J 2008 Chem. Rev. 108 462
[11] Zhou X, Yang Y, Wang S and Liu X 2020 Angew. Chem. Int. Ed. 59

1776
[12] Zhang X and Yang J 2019 Front. Phys. 7 190
[13] Wang X, Huang S C, Hu S, Yan S and Ren B 2020 Nat. Rev. Phys. 2

253
[14] Li J F, Li C Y and Aroca R F 2017 Chem. Soc. Rev. 46 3962
[15] Fleischmann M, Hendra P J and McQuillan A J 1974 Chem. Phys. Lett.

26 163
[16] Kneipp K, Wang Y, Kneipp H, Perelman L T, Itzkan I, Dasari R R and

Feld M S 1997 Phys. Rev. Lett. 78 1667
[17] Kinkhabwala A, Yu Z, Fan S, Avlasevich Y, Müllen K and Moerner W
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