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Surface plasmons, a unique optical phenomenon arising at the interface between metals and dielectrics,
have garnered significant interest across fields such as biochemistry, materials science, energy, optics,
and nanotechnology. Recently, plasmonics is evolving from a focus on “classical plasmonics,” which
emphasizes fundamental effects and applications, to “integrative plasmonics,” which explores the
integration of plasmonics with multidisciplinary technologies. This review explores this evolution,
summarizing key developments in this technological shift and offering a timely discussion on the fusion
mechanisms, strategies, and applications. First, we examine the integration mechanisms of plasmons
within the realm of optics, detailing how fundamental plasmonic effects give rise to optical multi-effects,
such as plasmon—phonon coupling, nonlinear optical effects, electromagnetically induced transparency,
chirality, nanocavity resonance, and waveguides. Next, we highlight strategies for integrating plasmons with
technologies beyond optics, analyzing the processes and benefits of combining plasmonics with acoustics,
electronics, and thermonics, including comprehensive plasmonic-electric-acousto-thermal integration. We
then review cutting-edge applications in biochemistry (molecular diagnostics), energy (harvesting and
catalysis), and informatics (photonic integrated circuits). These applications involve surface-enhanced
Raman scattering (SERS), surface-enhanced infrared absorption (SEIRA), surface-enhanced fluorescence
(SEF), chirality, nanotweezers, photoacoustic imaging, perovskite solar cells, photocatalysis, photothermal
therapy, and triboelectric nanogenerators (TENGs). Finally, we conclude with a forward-looking perspective
on the challenges and future of integrative plasmonics, considering advances in mechanisms (quantum
effects, spintronics, and topology), materials (Dirac semimetals and hydrogels), technologies (machine
learning, edge computing, in-sensor computing, and neuroengineering), and emerging applications (5G,
6G, virtual reality, and point-of-care testing).

as surface plasmon polaritons (SPPs) by adding the word
“polaritons”. The study of surface plasmons dates back to the

Surface plasmons are the collective oscillations of free electrons
that occur at the interface between a metal (typically gold or
silver) and a dielectric material upon optical excitation. To
describe the coupled oscillations of electromagnetic waves and
charge carriers in solids, surface plasmons are often referred to

“ Department of Electrical and Computer Engineering, National University of
Singapore, Singapore 117583, Singapore. E-mail: elelc@nus.edu.sg

b Center for Intelligent Sensors and MEMS (CISM), National University of
Singapore, Singapore 117583, Singapore

“NUS Graduate School-Integrative Sciences and Engineering Programme (ISEP),
National University of Singapore, Singapore 119077, Singapore

4 School of Mechanical Engineering, Northwestern Polytechnical University, Xi’an
710072, China

i Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4cs00427b

1 These authors contributed equally to this work.

5342 | Chem. Soc. Rev,, 2025, 54, 5342-5432

early 20th century, with significant milestones marking its devel-
opment. The first experimental observation of plasmonic enhance-
ment was reported by Wood in 1902," who noted an anomalous
decrease in light intensity reflected by a metallic grating. Over
time, theoretical work and key experimental breakthroughs®—
such as the discovery of surface-enhanced Raman scattering
(SERS),® surface-enhanced infrared absorption (SEIRA)," and
surface-enhanced fluorescence (SEF)’—established a foundation
for numerous applications in sensing,® imaging,” spectroscopy,
photonic devices,® and solar energy harvesting.”* Surface plas-
mons continue to be a vibrant area of research, with ongoing
discoveries expanding their potential applications and deepening
our understanding of plasmonic phenomena.

Currently, the study of plasmons is evolving from “classical
plasmonics” to “integrative plasmonics”—a transition that shifts
focus from understanding only the fundamental phenomena to

This journal is © The Royal Society of Chemistry 2025
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exploring the rich interplay of optical multi-effects combined
with electric, acoustic, and thermal technologies (Fig. 1). Classical
plasmonics has provided deep insight into the properties of
surface plasmons and their interactions with light; yet it faces
significant challenges such as ohmic losses in metals and
inherent scalability issues. These losses lead to significant energy
attenuation, and while classical designs are compact, they often
dissipate too much energy to be effective over practical distances.
Integrative plasmonics overcomes these limitations by adopting
innovative strategies. For example, by employing hybrid
photonic-plasmonic structures,' light can travel long distances
within low-loss photonic waveguides, converting to plasmons
only in small, localized regions for specific tasks such as proces-
sing or sensing.

Furthermore, while classical plasmonic experiments typi-
cally address a single function—like using nanoparticles to
sense local refractive index changes—integrative plasmonics
allows multiple plasmonic elements to operate in concert. This
facilitates the creation of complex, multifunctional devices,
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such as an integrated plasmonic circuit containing sources,
modulators, waveguides, and detectors all on one chip. Such
complexity is vital for advancing plasmonics from laboratory
demonstrations to practical, high-performance devices. For
instance, the combination of plasmonic near-field enhancement
with the graphene bulk photovoltaic effect (BPVE) has already
demonstrated zero-bias photodetection capabilities."* Similarly,
the integration of local plasmonic heating with the photoacoustic
(PA) effect enables simultaneous ultrasound imaging and imaging-
guided thermal treatment of tumors, paving the way for more
precise diagnostic and therapeutic solutions.™

Thus, we refer to this emerging interdisciplinary field as
“integrative plasmonics”, emphasizing the fusion of optical
multi-effects with acousto-electrical-thermal phenomena. This
integrated approach not only overcomes traditional limitations
but also offers innovative methods and technological solutions
for specific challenges in applications such as biosensing,
energy conversion, and photonic circuits. As technological
advancements continue and interdisciplinary collaborations
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Fig. 1 Roadmap of integrative plasmonics. Since the discovery of plasmons in 1902, a diverse range of plasmonic effects have been observed, such as
SPR, LSPR, SERS, and SEIRA. Currently, the study of plasmons has evolved from focusing on the basic plasmon effect to exploring optical multi-effects
and the fusion with electric, acoustic, and thermal technologies, which is referred to as “integrative plasmonics”. These advancements are demonstrated
in cutting-edge applications across molecular diagnostics, energy conversion, and photonic integrated circuits.

deepen, the scope of plasmonic effects is set to expand further,
spurring breakthrough innovations. Consequently, a systematic
and comprehensive discussion of optical multi-effects and
acousto-optical-thermal integration is crucial to propel the field
forward. Key areas of focus include (1) the advantages of
integrative plasmonics; (2) strategies for enhancing the optical
multi-effects of plasmons; (3) approaches for fusing acousto-
electric-thermal technologies; (4) emerging mechanisms and
applications; and (5) the future development of integrative
plasmonics.

In this review, we aim to address these questions by providing
a comprehensive analysis of the optical multi-effects of plasmons
and the fusion of plasmonic, acoustic, electric, and thermal
technologies. Our objective is to offer a timely discussion and
perspectives on the mechanisms, strategies, and applications of
integrative plasmonics. The framework of this review is illu-
strated in Fig. 2. Firstly, we introduce and analyze the optical
multi-effects of plasmons. This section covers various phenom-
ena, including plasmon-phonon coupling, plasmonic nonlinear
optical effects, electromagnetically induced transparency (EIT),
plasmonic chirality, plasmonic nanocavity resonance, and plas-
monic waveguide resonance. Through this analysis, we elucidate

5344 | Chem. Soc. Rev,, 2025, 54, 5342-5432

how basic plasmonic effects evolve into complex optical multi-
effects, representing the integration of multiple effects within the
realm of optics. Secondly, we analyze the multiphysical coupling of
plasmons with acoustics, electronics, and thermal effects, empha-
sizing their comprehensive integration. This analysis highlights
the strategies for combining plasmonic effects with technologies
beyond optics, providing insights into how these integrations are
achieved and their potential benefits. In the subsequent sections,
we examine the cutting-edge and promising applications of inte-
grative plasmonics. These applications include molecular diagnos-
tics, energy conversion, and photonic integrated circuits (PICs).
This section demonstrates the advantages of integrative plasmo-
nics in addressing complex real-world challenges, showcasing its
potential to drive innovations across various fields. Finally, we
conclude with a forward-looking perspective on the future of
integrative plasmonics. We offer personal views on the challenges
and the potential developments in the field, emphasizing the
importance of continued research and interdisciplinary collabora-
tion for mechanism advancements, material innovations, techno-
logical breakthroughs, and application expansion, to unlock the
full potential of integrative plasmonics. By following this frame-
work, our review aims to provide a thorough understanding of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Framework of this review. First, the optical multi-effects in integrative plasmonics are highlighted, followed by a discussion of the fusion of
plasmons with electric, acoustic, and thermal technologies. We then review cutting-edge applications of these technologies in molecular diagnostics,
energy conversion, and photonic integrated circuits. Finally, we conclude with a forward-looking perspective on the future of integrative plasmonics.

current state and future prospects of integrative plasmonics,
contributing to the advancement of this rapidly evolving field.

2. Mechanics of optical multi-effects

To understand why optical multi-effects and electric-acousto-
thermal fusion are pivotal features of integrative plasmonics,
we first examine the excitation mechanism of plasmons, as
illustrated in Fig. 3. When metal nanoparticles or nanorods
interact with light, the conduction electrons in the metal are
driven by the incident electric field into collective oscillations,
namely localized surface plasmon polaritons (LSPPs).'®>® The

This journal is © The Royal Society of Chemistry 2025

energy of the plasmon can decay both non-radiatively, resulting
in absorption, and radiatively, resulting in light scattering
(Fig. 3a). The non-radiative decay of the plasmon involves relaxa-
tion through electron-electron collisions or electron-lattice pho-
non coupling, generating hot electrons—a crucial step in the
process. Hot electrons, which are not in thermal equilibrium with
the atoms in the material,> are characterized by an elevated
effective temperature described by the Fermi function.*® They are
generated via intraband excitations within the conduction band
or through interband excitations involving transitions between
other bands (e.g., d bands) and the conduction band (Fig. 3b).
Notably, interband excitations are less probable than intraband
excitations due to the lower energy levels of the d bands.* The

Chem. Soc. Rev,, 2025, 54, 5342-5432 | 5345
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Fig. 3 Mechanics and categories of integrative plasmonics. (a) Schematic diagram of plasmonic nanoparticles and nanorods, with energy loss occurring
via radiative and non-radiative decay. (b) Non-radiative decay involves the excitation of hot electrons. These hot electrons are generated through
intraband excitations within the conduction band or interband excitations from transitions between other bands (e.g., d bands) and the conduction band.
(c) The excitation of hot electrons is accompanied by heating effects and thermal expansion phenomena. (d) Hot electrons correspond to electronics,
heating effects correspond to thermonics, and thermal expansion can generate ultrasound, which corresponds to acoustics. Therefore, optical-
electrical-acousto-thermal fusion is an important feature of integrative plasmonics. (e) Radiative decay of plasmons leads to near-field and far-field
enhancements, producing different plasmonic effects with various materials across the terahertz to ultraviolet regions. (f) These plasmonic effects
combine with other optical mechanisms to create optical multi-effects, such as plasmon—phonon coupling, which is another important feature of
integrative plasmonics. Optical multi-effects have been shown to enable new functionalities and improve device performance in the optical field.

generation of hot electrons is accompanied by heating effects and
thermal expansion phenomena (Fig. 3c). Specifically, after the
initial electronic excitation, relaxation occurs on a sub-picosecond
timescale via electron-electron scattering, leading to localized
heating and a rapid increase in the metal surface temperature.
This creates a significant temperature difference between the hot
nanostructure surface and the cooler surrounding medium, result-
ing in heat exchange. During this process, thermal expansion and
contraction of the surrounding medium generate ultrasonic sig-
nals. In this context, hot electrons correspond to electronic effects,
heating effects correspond to thermionic effects, and thermal
expansion generates ultrasound, corresponding to acoustic effects.
Therefore, optical-electric-acousto-thermal fusion is a key feature
of integrative plasmonics (Fig. 3d).

Regarding radiative decay, LSPPs generate strong electro-
magnetic fields at the surfaces of nanostructures, with local field
strengths that can be several orders of magnitude greater than the
incident field.**>* This enhancement spans various plasmonic
effects from the terahertz to the UV regions (Fig. 3c). For example,

5346 | Chem. Soc. Rev,, 2025, 54, 5342-5432

in the visible light spectrum, plasmon-driven phenomena such as
SERS,*® SEF,*® and surface plasmon resonance®” have been experi-
mentally observed. In the infrared region, due to molecular infrared
vibration modes, the plasmon-driven SEIRA effect is widely utilized
in molecular detection and imaging.*®*° Recently, these plas-
monic effects have been shown to combine with other optical
mechanisms to create optical multi-effects,’® enabling new
functionalities or improving device performance. For instance,
plasmon-phonon coupling has been demonstrated to achieve
light-matter coupling in the ultrastrong coupling (USC)
regime,*" which holds promise for the development of novel
ultrafast devices.*> In the following sections, we will explore
six optical multi-effects in detail, illustrating strategies for
integrating plasmons with other effects in the field of optics.
These multi-effects include plasmon-phonon coupling, plasmon-
enhanced electromagnetically induced transparency/absorption,
plasmonic nanocavity resonance, plasmon-enhanced nonlinear
optical effects, plasmon-enhanced chirality, and plasmonic wave-
guide resonance.

This journal is © The Royal Society of Chemistry 2025
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2.1 Plasmon-phonon coupling

Surface phonon polaritons (SPhPs) arise from the interaction
between polar optical phonons and long-wavelength incident
fields, spanning from the mid-IR range (e.g., hexagonal BN*®) to
frequencies below 10 THz (e.g., GaAs*®). These interactions
occur in polar dielectric crystals between the longitudinal
(LO) and transverse optic (TO) phonon frequencies, within a
spectral range known as the “Reststrahlen” band.*” Due to
their excitation in polar dielectric crystals, SPhPs exhibit excel-
lent optical properties, including lower optical losses compared
to plasmonic materials, high local electromagnetic fields, and
large Purcell factors. Plasmons can harness these superior
optical properties by coupling with phonons.*'

Plasmon-phonon coupling emerges when the collective
oscillations of free electrons in metals or semiconductors interact
with phonon modes in polar crystals. While plasmons typically
reside in the visible to near-infrared range, phonon polaritons occur
in the mid-infrared to terahertz regime (the Reststrahlen band). The
overlap in these spectral domains enables hybrid modes that can
combine the best attributes of both plasmons and phonons, leading
to promising opportunities for enhanced light-matter interactions.
The advantages of the hybrid modes include the following: (1) lower
optical losses: polar dielectrics like h-BN (hexagonal boron nitride)
exhibit lower losses in the mid-IR or terahertz regime compared to
many metals at similar frequencies. Coupling plasmons to SPhPs
can reduce the overall dissipation; (2) high local field enhancement:
just as plasmons localize electromagnetic fields at subwavelength
scales, SPhPs also confine light strongly. Their combination may
further enhance this confinement, beneficial for sensing and non-
linear optical processes; and (3) tunable response: by engineering
the dimensions of nanostructures or by choosing specific polar
dielectrics, it becomes possible to tailor the plasmon-phonon
resonant frequency, quality factor, and spatial confinement.

Plasmon-phonon coupling can be theoretically analyzed
using an oscillator model consisting of three coupled harmonic
oscillators subjected to an external force f, as illustrated in
Fig. 4a. The two damped oscillators represent out-of-phase
atomic lattice vibrations, with k-vectors aligned parallel (LO)
and perpendicular (TO) to the incident field. According to the
coupled harmonic oscillator theory, the coupling system can be
expressed as follows:*®

B(1) +7pp(0) + 0p7p(1) = f(1) — K1 exp(ig)q (1)

»

—12exp(ig)qa(t)
G1(1) + y10d1 (1) + wr0’q1 (1) = —K1 exp(ip)p(1) (2)
42(0) + 71062(1) + 0107 q2(1) = =12 exp(i)p(1) 3)

where the dissipative oscillator, characterized by resonance
frequencies w0 1o and a dark-mode damping factor y10 1o, is
described by the excitation g(¢). The coupling strength between
the plasmonic and dissipative oscillators is given by i,
exp(ip), where ¢ represents the phase shift between them. yy,
denotes the bright-mode damping factor. Based on this rela-
tionship, the spectra of the plasmon-phonon coupling system

This journal is © The Royal Society of Chemistry 2025
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can be obtained, as illustrated in Fig. 4b. In a coupled system,
phonons remain fixed in the Reststrahlen band, while the
plasmon resonance bifurcates into two distinct frequencies,
known as the upper and lower branch frequencies. The phonon
intensity varies with the coupling coefficient k. This splitting
behavior is more apparent in the dispersion curves of the
plasmon-phonon coupling system (Fig. 4c). Different positions
on the split correspond to varying plasmonic resonance frequen-
cies. Since the SPhP Reststrahlen band remains fixed, altering the
plasmonic resonance frequency Aw results in different coupling
strengths, which in turn affect the SPhP vibration intensity. For
example, when the plasmonic resonance frequency shifts from
W, to wg, the split moves from A to B. This redshift-induced
intensity change of SPhPs can enhance identification accuracy in
molecular diagnostic applications. The redshift can be caused by
perturbations in the refractive index.

For instance, our group proposed a strategy to achieve
phonon and plasmon coupling, as illustrated in Fig. 4d. This
approach utilizes stacked trapezoidal metal (Au) antennas and
phonon (silicon oxide, SiO,) antennas, all situated on a BaF,
substrate. The metal antennas support plasmons through the
collective oscillations of free carriers, while the SiO, antennas
support phonons through atomic displacements. The coupling
of phonons and plasmons has been shown to improve identifi-
cation accuracy when molecular vibrational fingerprints overlap,
which is crucial for molecular diagnostic applications (Fig. 4e).*” In
one demonstration monitoring the glucose enzymatic reaction,
SPhP vibrations were able to disentangle overlapping vibrational
modes of glucose oxidase and water, achieving a 92% identifi-
cation accuracy.

Furthermore, the coupling of phonons and plasmons can be
controlled by the optical response of the nanostructure, such as
polarization, ensuring that plasmon and phonon signals can be
independently manipulated. This prevents mutual interference
and signal masking.*® As shown in Fig. 4f, the asymmetric design
of cross-shaped nanoantennas with unequal arm lengths allows
for strategic control. The plasmonic resonance frequency of the
short arms is positioned away from the phonon frequency but
aligns with the vibrational frequency of protein samples for
vibrational imaging. Conversely, the plasmonic resonance fre-
quency of the long arms aligns with the phononic Reststrahlen
band to excite phonon modes for imaging. By manipulating the
polarization direction, selective excitation of plasmonic modes in
the short arms or phonon modes in the long arms is achieved.
This system demonstrates increased identification accuracy,
heightened sensitivity, and enhanced detection limits, down to
molecule monolayers, for mid-infrared hyperspectral imaging of
severe acute respiratory syndrome coronavirus (SARS-CoV).*®

In addition to altering optical properties, plasmon-phonon
interactions can influence the electron scattering mechanism
and, consequently, the electrical conductivity of the material.*®
The interaction between plasmons and phonons can be tuned
by adjusting parameters such as doping levels, material com-
position, and temperature.*® This tunability allows for precise
control of electrical properties in devices. Moreover, under-
standing and controlling plasmon-phonon coupling can lead

Chem. Soc. Rev,, 2025, 54, 5342-5432 | 5347
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coupling. The black balls represent plasmons with the collective oscillations of free carriers in metals, and the red and white balls are phonons with
atomic displacements in the form of optical phonons in polar dielectrics. (e) An example of phonon—photon coupling for the biosensing of glucose
oxidase (GOD). Adapted with permission from ref. 47; Copyright 2023 Springer Nature. (f) An example of polarization-controlled phonon-photon
coupling for the hyperspectral imaging application. Adapted with permission from ref. 46; Copyright 2024 Springer Nature.

to improved thermal management in electronic and photonic
devices, as well as enhanced performance in thermoelectric
materials.>® For example, plasmon-phonon coupling in gra-
phene/hBN systems can be used to flexibly modify the spectral
emissivity of a thermal emitter.”" In general, the integration of
SPhPs will facilitate plasmon-based applications such as optical
sensing, photodetection, and thermal management.

2.2 Electromagnetically induced transparency/absorption

Combining plasmons with quantum-like effects can improve
the complexity and functionality of these phenomena. EIT is a
quantum interference effect that makes an otherwise opaque
medium transparent to a probe laser beam when a control laser
beam is applied. EIT typically occurs in a three-level atomic
system consisting of two ground states and one excited state
but often requires cryogenic temperatures. Electromagnetically
induced absorption (EIA), closely related to EIT, results in
enhanced absorption rather than transparency.’” In the context
of EIT/EIA, surface plasmons can achieve destructive or con-
structive interference effects analogous to those observed in
atomic EIT/EIA, creating transparency or absorption windows.
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It is useful to note that the phenomena of transmission,
reflection, and absorption are inherently connected through
the relationship A + T + R = 1; hence, any increase in reflection
(sometimes described as electromagnetically induced reflection)
or transmission can be interpreted in terms of a corresponding
change in the absorption spectrum. Plasmon-driven EIT/EIA
offers several advantages, including subwavelength control, ver-
satility, integration, and room temperature operation. For exam-
ple, plasmonic structures can confine light to subwavelength
dimensions, leading to strong field enhancements and enabling
EIT/EIA effects at the nanoscale.”® Additionally, unlike some
atomic systems that require cryogenic temperatures, plasmonic
EIT/EIA can function at room temperature, making them more
practical for real-world applications.

The plasmon-driven EIT/EIA can be analyzed using a
coupled harmonic oscillator model (Fig. 5). According to this
model, the spectral response of the plasmon system for the EIT/
EIA effects can be described as>

2 2
K" Pm®o

12 exp(i2¢) 4 y7mwo?

A(wo) = (4)
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where y,, is the dark damping and ¢ is the phase in coupling
strength x-exp(i-2¢). The term exp(i-2¢) significantly influences
the trend of resonant absorption, which can be categorized into
three groups: (1) when 0 < ¢ < 7/4 (Fig. 5a-I), the coupling of the
dark oscillator (a mode that does not directly radiate and is not
observable in the far-field) weakens the bright resonance of the
plasmonic nanostructures. In this range, the real part of exp(i-2¢)
is positive, causing a decrease in the absorption spectrum and
leading to a destructive EIT signal; (2) when /4 < ¢ < /2 (Fig. 5a-
III), the real part of exp(i-2¢) becomes negative, resulting in an
increase in the absorption spectrum. Here, the dark oscillator
strengthens the resonance of the bright oscillator via coupling u-
exp(ip) (Fig. 5a-ii); (3) when ¢ = n/4 (Fig. 5a-II), the real part of
exp(i-2¢) is zero, indicating that the movements of the two
harmonic oscillators are synchronized. Therefore, the absorption
change at resonance caused by the coupling of the dark oscillator
is negligible (Fig. 5a-ii). Collectively, the phase shift ¢ between the
two resonators is a crucial physical parameter for acquiring EIT
and EIA signals. The phase shift ¢ can be tuned by controlling the
wave propagation distance T (Fig. 5b and c). According to the
current distribution (Fig. 5d), circulating currents only exist in the
device configuration with a metal layer. The current and magnetic
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dipole increase as the thickness of the dielectric layer decreases.
These findings provide an efficient pathway for plasmon-driven
EIT/EIA transition and conversion.

The plasmon-driven EIT/EIA offers high-quality factors and low
radiation losses, which are advantageous for the development of
efficient photonic devices. These phenomena also enable steep
linear dispersion in transparency windows, leading to an elevated
group refractive index. For example, combining graphene with
dielectric metasurfaces can achieve actively tunable ring-shaped
EIT, where graphene plasmons can be controlled by adjusting the
Fermi level through applied voltage.”> EIT-based sensors are
particularly sensitive to changes in the dielectric environment
due to their high Q factor and strong local electric fields.*®
Additionally, by creating a transparency window, the group velocity
of light passing through the medium can be significantly slowed
down. Plasmon-driven EIT structures thus facilitate the realization
of slow light devices in compact, integrated photonic circuits.>”

2.3 Plasmonic nanocavity resonance

While individual plasmonic nanoparticles exhibit excellent
light manipulation capabilities, nanocavities formed by assem-
blies of plasmonic particles, such as nanosphere dimers and
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Fig. 5 Plasmon-driven electromagnetically induced transparency/absorption. (a) Schematic view of electromagnetically induced transparency/absorp-
tion (EIT/EIA) of a plasmonic device.>* According to the coupled harmonic oscillator model, when the dark damping y,, is coupled to the plasmonic
system, its spectral response depends on the coupling strength - exp(i-2¢), where the phase (¢) of Fano resonance is critical and has three states: () 0 <
¢ < /4, EIT state; () ¢ = m/4, critical coupling; and () ©/4 < ¢ < =n/2, EIA state. (b) Utilizing the reflection of a metal layer close to the plasmonic
nanostructure to change the phase ¢. (c) The phase ¢ as a function of distance T to the plasmonic nanostructure. (d) The current distribution of the
plasmonic nanostructure (I) without a metal reflection layer, or with a metal reflection layer whose gap varies (lI-1V). Adapted with permission from
ref. 54; Copyright 2022 John Wiley and Sons.
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trimers,*®*®" have garnered significant attention. These nano-
cavities, created by strategically assembling two or more indi-
vidual nanoparticles, offer much stronger field intensities for
enhanced light-matter interactions.®> The narrow gaps between
the particles enable more efficient light confinement compared to
the individual constituent particles. Moreover, the plasmon cou-
pling between constituent particles can generate a wider variety of
intriguing plasmon modes, providing greater flexibility in manip-
ulating the optical properties of the assembled nanostructures.
Notable examples include bonding and anti-bonding plasmon
modes in metal nanoparticle dimers,*® super-radiant and sub-
radiant plasmons in ring/disk nanocavities, and plasmonic Fano
resonances in metal nanoparticle oligomers.®*

Next, we introduce the nanofabrication strategies for realiz-
ing plasmonic nanocavities, specifically highlighting single nano-
particles on a film and dimers on a film. The size of the nanogap
in the nanocavity is crucial as it affects the near-field coupling
strength between the nanoparticles and the film.®® There are two
primary strategies for precisely controlling the nanogap size
during nanofabrication. The first approach involves separating
the nanoparticles from the metal film by depositing a planar
dielectric film between them, with the nanogap size being
adjusted by controlling the thickness of the dielectric film
(Fig. 6a). The second method uses a dielectric shell coating
around the metal nanoparticles to form core/shell-type nano-
particles, thereby avoiding direct contact between the metal
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nanoparticles and the underlying film (Fig. 6b). The nanogap
size in this method is tuned by adjusting the thickness of the
dielectric shell. Several methods can be employed to fabricate
nanogaps, each offering distinct characteristics. The layer-by-
layer (LBL) method involves depositing alternating monolayers
of positively charged poly(allylamine)hydrochloride (PAH) and
negatively charged polystyrene sulfonate, allowing precise control
over thickness ranging from 2 to 20 nm.*® Atomic layer deposi-
tion (ALD) achieves nanoscale-thick inorganic spacers by depos-
iting one molecular layer per cycle, producing materials like Al,O;
and SiO, with thickness ranging from a few nanometers.”® Self-
assembled monolayers (SAMs) of amine-terminated alkanethiols
create ultrathin spacers with thicknesses between 0.5 and 2 nm,
controlled by the length of the alkanethiol molecules.”* Finally,
two-dimensional (2D) materials such as graphene and transition
metal dichalcogenides provide natural ultrathin spacers with
atomic thickness, scalable to a few nanometers using mechanical
exfoliation or chemical vapor deposition.”” These strategies
enable precise control over nanogap size, which is essential for
optimizing the near-field coupling strength and enhancing the
performance of plasmonic nanocavities.

The impact of nanocavity on plasmonic modes can be
explored by analyzing the nanogap using various theoretical
analytical tools. One such method is based on the multiple
scattering process, > as illustrated in Fig. 6a. For the incident
wave Sin, the scattering waves include reflection of the incident
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wave by the film without the nanoparticle Sg, reflection of the
scattered wave from the nanoparticle by the metal film Sgp, and
the scattered wave from the nanoparticle SP. Another approach
is the dipole-image model within the electrostatic approxi-
mation, as depicted in Fig. 6¢c. For a nanostructure positioned
close to a sufficiently large metal film, the plasmonic properties
of the entire system are equivalent to those of a dimer consist-
ing of the real nanostructure and its corresponding image in
the metal film.”* Additionally, an equivalent circuit model can
be used to describe the nanoparticle-film gap plasmon oscilla-
tions, offering another perspective on these interactions.””

Consider the dimer-on-film design as an example; the
simulated 3D surface charge distributions are illustrated in
Fig. 6d. The results reveal a strong correlation between the surface
plasmon geometry and the local electric field distributions. When
two nanoparticles are in close proximity, forming a dimer, the
localized charge intensities become particularly significant at the
nanogap. Additionally, dual dipole modes are observed: one arising
from the vertical bonding between the dimer dipole and the
induced charge dipoles, and the other from the horizontal bonding.
The image poles in the mirror result from the interaction with the
neighboring opposite poles of the nanoparticles, where the mirror
induces multiple plasmon poles. As depicted in the peak intensity
plot (Fig. 6e), as the gap size g increases, the peak intensity decreases
almost exponentially due to the rapid degeneration of the nano-
particles’ hot-spots.

2.4 Plasmon-enhanced nonlinear optical effects

Nonlinear optical effects are crucial for modern photonic
functionalities,”®”® such as frequency control of laser light,”® ultra-
short pulse generation,® all-optical signal processing,*' and ultra-
fast switching.®> However, these effects are inherently weak due to
the limited photon-photon interactions in materials. Integration of
plasmonics with these effects can address this challenge. First,
plasmons can significantly enhance these nonlinear optical effects
due to the coherent oscillations of conduction electrons near noble-
metal surfaces. Surface plasmons generate strong local electromag-
netic fields, thereby boosting optical processes like SERS and
increasing effective nonlinearities.**®® For example, in SERS, plas-
mon excitation of rough or engineered metal surfaces can enhance
the inherently weak Raman process by several orders of magnitude,
even enabling single-molecule detection.*”*° Additionally, plasmo-
nic excitations are highly sensitive to changes in dielectric proper-
ties, enabling precise control of light with light. These excitations
also operate on femtosecond timescales, facilitating ultrafast optical
signal processing and leading to advanced nanophotonic function-
alities. For instance, this picosecond optical modulation could be
used to create integrated optical components with terahertz mod-
ulation speeds.”"

Next, three representative strategies for plasmon-enhanced
nonlinear optical effects are introduced. The first is the non-
linear second-harmonic generation (SHG).”> The suggested
energy level structure and SHG pathway are exhibited in
Fig. 7a. This method doubles the frequency of light through
the interaction between light and nonlinear materials, which is
an essential optical technology. However, due to the long
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interaction length between light and nonlinear materials, con-
ventional components that achieve this function are often bulky.
One solution is to embed plasmonic materials into materials with
high intrinsic optical nonlinearity, which can achieve high non-
linear response at moderate powers. For instance, plasmonic gold
nanorings were filled with lithium niobate (LN) using electron
beam lithography and ion beam enhanced etching (Fig. 7b).>* This
configuration has been demonstrated to enhance SHG, with an EF
of up to 60 (Fig. 7c). This approach offers a compact and efficient
solution, making it highly suitable for practical applications in
fluorescence spectroscopy and quantum communication.

The second is the four-wave mixing (FWM) effect, which is a
parametric nonlinear process in which two optical electromag-
netic waves that have two different frequencies interact to form
another two optical waves of different frequencies, as shown in
Fig. 7d. FWM has widespread applications in wavelength
conversion, signal regeneration, switching, phase-sensitive
amplification, nonlinear imaging and entangled photon pair
generation. However, FWM processes have an extremely weak
nature and suffer from very poor efficiencies. The key towards
improving the efficiency of FWM is to increase the local field
intensity along nonlinear materials. The enhanced electromag-
netic fields of plasmonic structures can serve well to boost the
nonlinear FWM process. The mechanism of the plasmon-
enhanced FWM is shown in Fig. 7e. When two different
frequency components (w;,) of an electromagnetic wave pro-
pagate together on the plasmon surface, a refractive index
modulation at the frequency difference between the two occurs
and this creates two additional frequency components (wwm1 =
201 — Mgy Ogwmz = 20, — ,).”® For instance, Chakraborty et al.
used a plasmonic azimuthally chirped grating (ACG) to
enhance the nonlinear optical process by coupling light from
the far field into localized hot spots (Fig. 7f).°* They demon-
strated significant enhancement of broadband FWM due to the
interplay between localized surface plasmon resonance (LSPR)
and plasmonic surface lattice resonance in the ACG.

The third is the surface-enhanced coherent anti-Stokes
Raman scattering (SECARS).”” As shown in Fig. 7g, in conven-
tional SERS,”® ' Stokes-Raman scattering (ws) is generated for
the excitation of the pump (wp). The SERS can be further
improved by combining plasmonic enhancements with coher-
ence, that is, the pump (wp) and Stokes (ws) fields interact
coherently through the high-order polarizability of the dipole-
forbidden vibronic modes of a molecule, generating an anti-
Stokes signal ws = 2wp — ws. If the input (wps) or output (was)
frequencies are in resonance with the collective modes of the
plasmonic nanostructure, the signal from molecules adsorbed
onto the nanostructure will be further enhanced by the local
fields of the excited plasmon modes, which is known as SECARS.
For instance, Zhang et al. developed a quadrumer consisting of
four gold nanodisks arranged to create a strong Fano resonance
(Fig. 7h), thereby achieving a highly localized SECARS enhance-
ment in a single junction at the center of the quadrumer
structure (Fig. 7i).”> The detection signal is enhanced by ~11
orders of magnitude, enabling the detection of single molecules
in the demonstration.
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central gap. (i) Corresponding SECARS enhancement map. Adapted with permission from ref. 95; Copyright 2014 Springer Nature.

2.5 Plasmon-enhanced chirality

A chiral object or system is defined as one whose structure and mirror
image (enantiomer) are not superimposable.® % Chiral structures
are ubiquitous in nature, exemplified by deoxyribonucleic acid (DNA)
and proteins.'%”"'* While chirality is inherently a qualitative property,
chiral optical systems can be quantitatively described using para-
meters such as optical activity (OA)/optical rotation (OR) and circular
dichroism (CD)/circular conversion dichroism (CCD). OA/OR and CD/
CCD quantify the rotation of the polarization plane of linearly
polarized light and the differential transmittance/reflectance of left-
circularly polarized (LCP) versus right-circularly polarized (RCP) light,
respectively. Natural materials typically exhibit weak chiral optical
properties due to the large mismatch between their atomic feature
sizes and optical wavelengths.''° Plasmonic systems, however, are
promising solutions to this limitation because of their strong light-
matter interactions. Consequently, methods to enhance and tailor the
chiral optical response in plasmonic systems are highly valued.

5352 | Chem. Soc. Rev., 2025, 54, 5342-5432

Plasmonic chirality is usually categorized into intrinsic and
extrinsic chirality. Intrinsic chirality arises from the geometry of
the nanostructure itself, where the structure lacks any internal
symmetry planes that would render it achiral. An intrinsically
chiral plasmonic nano-object remains chiral irrespective of how
it is illuminated because its handedness is “built into” its three-
dimensional (3D) form. This intrinsic handedness cannot be
altered by changing external parameters such as the incident
angle or polarization of light.""" A classic example is a spring-
shaped (helical) metal nanostructure (Fig. 8a). Such a helix has a
well-defined right- or left-handed geometry, ensuring a robust
chiral response (e.g., CD, OR) under various illumination con-
ditions. In contrast, extrinsic chirality is not an inherent prop-
erty of the structure but is induced by the specific illumination
conditions. For instance, a plasmonic split ring resonator,
typically an achiral object, can exhibit a chiral optical response
when the incident wave vector does not lie in its symmetry plane

This journal is © The Royal Society of Chemistry 2025
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American Chemical Society.

(Fig. 8b)."*? This phenomenon is especially useful for tunable or
reconfigurable plasmonic devices. By simply rotating the sam-
ple or changing the polarization and angle of the incident beam,
devices can dynamically respond to external stimuli (e.g,
changes in the environment, polarization switching), making
them suitable for sensing applications and adaptive optics.
Next, we introduce two strategies for manipulating chirality:
plasmonic structural perturbation and interaction with chiral
molecules. Structural perturbation involves inducing a strong chiral
optical response by altering the structure within the plasmonic
system, as illustrated in Fig. 8c. In such systems, the chirality of the
dimeric plasmonic nanorods is determined by the overall system’s
chirality rather than that of individual nanorods, because the chiral
signal from the dimeric system significantly exceeds that of single
nanorods. When coupled with chiral molecules, the dimeric
nanorod system exhibits stronger and broader chiral responses
compared to single nanorods."*® This plasmonic chirality can be
explained by plasmon hybridization theory, which provides an
intuitive understanding of how plasmonic modes in coupled

This journal is © The Royal Society of Chemistry 2025

nanoparticles interact (Fig. 8c)."'®'"” This theory explains the
splitting of isolated plasmonic modes into bonding and antibond-
ing states. However, the accuracy of this theory diminishes as the
system size increases, due to its reliance on an electrostatic
approach. Another method to manipulate chirality is through
plasmonic interaction with chiral molecules. For achiral nano-
particles, when chiral molecules assemble on their surface, the
entire system becomes chiral, effectively enhancing the weak
chirality of the molecules. For instance, Wu et al. utilized a DNA-
template growth process to create gold core-DNA-silver shell nano-
particles (Au/(DNA-Ag) core-shell NPs), as shown in Fig. 8d."" They
used cytosine-rich single-stranded DNA to guide the growth of the
silver shell around the gold core. The resulting nanoparticles
exhibited intense and robust chiroptical responses at the silver
plasmon band, with a high anisotropy factor.

There are two primary fabrication methods for realizing
plasmonic chirality: top-down and bottom-up techniques."**™"*°
Top-down techniques include electron-beam lithography (EBL),
focused ion beam (FIB) milling, photolithography, reactive ion
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etching (RIE), and others.
structure and create nanoscale designs through lithography,
etching, and deposition, making them more suitable for fabricat-
ing nanostructures with intrinsic chirality. Bottom-up techniques
include chemical synthesis, ALD, and self-assembly.'** Self-
assembly is a notable approach within this category,'*" employ-
ing chiral templates, discrete DNA strands, and DNA origami
templates to organize metal nanoparticles into chiral plasmonic
assemblies. Chiral templates, such as biomacromolecules and
polymers,'*> are powerful tools for guiding the formation of
plasmonic nanostructures with strong chiral responses on a
large scale. Self-assembly with discrete DNA strands leverages
the highly specific interactions between complementary DNA
sequences to create rationally programmable DNA nanostruc-
tures, where the distances between particles can be precisely
controlled by the lengths of the DNA linkers. DNA origami
templates involve the folding of a long DNA scaffold strand by
using hundreds of designed short oligonucleotides. For exam-
ple, Lan et al. used bifacial DNA origami as a template to direct
the self-assembly of gold nanorods (AuNRs) into 3D nanoarch-
itectures (Fig. 8e)."'* They finely tuned the spatial configuration
by adjusting the location of the AuNRs on the origami template,
successfully creating discrete 3D nanorod dimer nanoarchitec-
tures with tailored optical chirality.

2.6 Plasmonic waveguide resonance

Optical waveguides are essential components in fiber optic and
photonic integrated circuit technologies, benefiting signifi-
cantly from active photon manipulation to enhance their
passive guidance mechanisms.'**™**° Emerging applications,
such as PICs, demand faster nanoscale waveguide circuits that
facilitate stronger light-matter interactions and lower power
consumption.”**"*" However, all-dielectric waveguides face
inherent limitations in miniaturization, restricted to approxi-
mately half the wavelength in the dielectric. If the waveguide’s
lateral dimensions fall below this threshold, light is no longer
tightly confined within the waveguide and begins to leak out.

True nanoscale modal confinement can only be achieved
using metals. In this configuration, photons couple with oscil-
lating charges on the metal surface, forming surface plasmons
with an effective modal area that is significantly smaller, ie.,
several orders of magnitude below the diffraction limit. This
results in extreme confinement, albeit with substantial linear
optical losses due to intrinsic electronic damping. Despite this
drawback, metallic waveguides are considered revolutionary
platforms capable of addressing the inherent limitations of
all-dielectric nonlinear devices.

There are three classes of chip-scale plasmonic structures:
plasmonic slab waveguides, plasmonic slot waveguides, and
hybrid plasmonic waveguides. As shown in Fig. 9a, the plas-
monic slab waveguide consists of a dielectric-metal-dielectric
structure.”®> The thickness of the metal layer significantly
affects the modes and propagation of SPPs. For a thick metal
layer, it behaves like a semi-infinite metal/dielectric interface that
supports transverse magnetic (TM) SPP modes. The penetration
depth of SPPs in the metal is determined by the frequency of the
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incident light (upper panel of Fig. 9b). In the near-infrared range,
the electric field is weakly confined transversely on the metal,
with a metal penetration depth of 20-30 nm. For visible light
wavelengths, the TM confinement of the electric field becomes
stronger, resulting in local intensity enhancement. This weak field
confinement at longer wavelengths limits the use of bulk SPP-
based waveguides in applications such as PICs."*® Therefore,
significant research has been conducted to achieve field enhance-
ment by reducing the waveguide dimensions to subwavelength
sizes. At this scale, the two supported SPP modes on either side of
the film can couple through their evanescent tails, generating
antisymmetric and symmetric modes (lower panel of Fig. 9b),
known as short-range (SR) and long-range (LR) SPPs, respectively.
The responses of SR-SPPs and LR-SPPs to changes in metal
thickness differ."** As the metal thickness increases, the loss of
SR-SPPs increases and the nearfield confinement becomes
weaker. Conversely, for LR-SPPs, the loss decreases and the near-
field confinement becomes stronger with increasing metal thick-
ness. Metals can be as thin as a single nanowire. For instance,
O’Carroll et al. developed a plasmonic waveguide based on nano-
scale single nanowires using a melt-assisted wetting method with
porous alumina templates."*> These nanowires exhibit blue photo-
luminescence under ultraviolet (UV) illumination and can function
as nanoscale active optical waveguides, allowing photolumines-
cence to propagate along the wire and out-couple at the tips.

Plasmonic slot waveguides consist of a sub-wavelength air
slot flanked by two optically thick gold films, as illustrated in
Fig. 9d. When the metal/air SPP modes on either surface are
brought close together, they couple to form symmetric and anti-
symmetric modes."®” The symmetric mode, in particular, pro-
duces sub-wavelength lateral confinement and a low group
velocity. As the gap size increases, the loss of slot waveguides
increases, and the near-field confinement becomes weaker. For
instance, Thomaschewski et al. developed a plasmonic slot
waveguide consisting of two gold nanostripes on lithium nio-
bate substrates (Fig. 9¢)."*® This waveguide supports two quasi-
transverse electromagnetic (quasi-TEM) modes, specifically the
odd and even modes, propagating along the gap. Due to the
lithium niobate substrate, ultra-compact switching and mod-
ulation functionalities can be achieved by applying a voltage
across the gap. This design achieves a 90% modulation depth
with a 20-um-long switch, owing to the strong overlap of slow-
plasmon modes and electrostatic fields (Fig. 9f). Additionally,
the waveguide exhibits a flat frequency response up to 2 GHz
and a 3-dB bandwidth of 9 GHz, indicating its potential for
high-speed optical communication applications.

Hybrid plasmonic waveguides, which often utilize multiple
materials in intricate configurations, aim to minimize losses
while maintaining nanoscale confinement. As illustrated in
Fig. 9g, a typical hybrid waveguide consists of a dielectric
waveguide adjacent to a metal, separated by a low-index spacer.
By adjusting the spacer thickness, this design can balance the
advantages of low losses and high confinement. For example,
Oulton et al. developed a hybrid waveguide comprising a dielec-
tric nanowire separated from a metal surface by a nanoscale
dielectric gap, allowing for subwavelength optical confinement

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00427b

Open Access Article. Published on 12 May 2025. Downloaded on 7/30/2025 8:59:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

(a) (b)

Bulk SPP

Dielectric

Thick metal

Metal

y N
X Slab Short-range SPP

(d)
Metal

Dielectric

y Metal

X. slot

(9) (h)

Long-range SPP

View Article Online
Chem Soc Rev

7 laser
—> excitation

© _\

;@:Q
nanowire

T
I
4
I

=]

.

Photonic WG

Waveguide
Dielectric
z Metal

Xy Hybrid

Metal

Fig. 9 Strategies for achieving plasmon-enhanced waveguides. (a) Schematic view of plasmonic slab waveguides. (b) Schematic of the bulk SPP (upper
panel), short-range SPP (lower left panel), and long-range SPP (lower right panel). (c) Example of a plasmonic single-nanowire waveguide. Adapted with
permission from ref. 135; Copyright 2007 John Wiley and Sons. (d) Schematic view of plasmonic slot waveguides. (e) Example of plasmonic slot
waveguides. Adapted with permission from ref. 136; Copyright 2020 Springer Nature. (f) Color-coded electric field of the slot waveguides. (g) Schematic
view of hybrid plasmonic waveguides. (h) Example of hybrid waveguides. Adapted with permission from ref. 13; Copyright 2008 Springer Nature. (i)
Electromagnetic energy density distributions for hybrid waveguides with different gap size.

and long-range propagation (Fig. 9h)."® This approach enables
subwavelength transmission with strong mode confinement and
long propagation distances, surpassing the performance of con-
ventional plasmonic waveguides. The confined hybrid mode’s
size is more than 100 times smaller than the area of a diffraction-
limited spot.

2.7 Section summary

In summary, this section introduces and analyzes the optical
multi-effects of plasmons. We explore a range of phenomena,
including plasmon-phonon coupling, plasmonic nonlinear
optical effects, EIT, plasmonic chirality, plasmonic nanocavity
resonance, and plasmonic waveguide resonance. Through this
detailed examination, we demonstrate how fundamental plas-
monic effects can evolve into complex optical multi-effects,
embodying the integration of multiple optical phenomena.
Nevertheless, these optical multi-effects continue to present
challenges.

First, designing multi-functional nanostructures is a critical
challenge in plasmonics, especially when aiming to integrate
multiple optical effects and others within a single platform. The

This journal is © The Royal Society of Chemistry 2025

primary difficulty lies in creating nanostructures that can
simultaneously support and optimize multiple plasmonic
modes, each of which may have different spatial, spectral, and
material requirements. Achieving this requires intricate design
processes and precise material engineering, where the physical
and chemical properties of the nanostructures must be finely
tuned to ensure that the desired effects can coexist without
unwanted interference. For instance, Ag nanoparticles and gra-
phene nanoribbons are combined to create a multi-functional
substrate capable of enhancing both SERS and SEIRAS."*® This
achieved significant EF for both SERS (up to 10°) and SEIRAS (up
to 170 times), enabling the extraction of complementary vibra-
tional modes from molecules. Other integration strategies for
multi-functional nanostructures could be layered structures,
hybrid nanomaterials, tunable nanostructures, and multi-modal
resonators. Specifically, for layered structures, one layer might be
engineered to excite plasmons, while another is designed to
excite phonons. By carefully controlling the thickness and mate-
rial composition of each layer, it is possible to create a structure
that supports both effects without significant cross-talk or
interference.”” Besides, tunable nanostructures are designed to
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allow dynamic control over their plasmonic properties. By using
materials that can change their optical characteristics in response
to external stimuli (e.g, electric fields, temperature, or chemical
environment), these structures can be adjusted to optimize
different plasmonic effects as needed. This tunability is particu-
larly useful in applications where the conditions of measurement
may vary, requiring different optical effects to be prioritized at
different times. In terms of multi-modal resonators, they can
support different resonant frequencies corresponding to different
optical effects. The key challenge here is to design the resonator
geometry in such a way that the different modes do not interfere
with each other, while still providing strong field enhancement
for each effect.

Second, effect synergy and optimization are also challen-
ging. Integrating multiple optical effects in plasmonic nanos-
tructures requires not only the individual optimization of each
effect but also ensuring that these effects work synergistically
when combined. Effect synergy refers to the ability of different
plasmonic effects—such as SERS, SEF, and LSPR—to enhance
each other’s performance when integrated into a single
platform. However, achieving this synergy is challenging due
to the distinct and sometimes conflicting requirements of each
effect. Specifically, one challenge in achieving synergy could be
conflicting design requirements. Each plasmonic effect typi-
cally has specific design requirements that may conflict with
those of other effects. For example, SERS often requires sharp
metallic nanostructures with high curvature to generate intense
localized electromagnetic fields, while SEF might require
broader surfaces or different geometries to optimize fluores-
cence signal enhancement. Balancing these conflicting require-
ments in a single nanostructure is a major challenge in effect
synergy. Besides, synergistic enhancement typically requires
that the different effects operate within the same spectral and
spatial regions. However, the resonant conditions for different
effects might not naturally overlap. For instance, SERS and
LSPR might occur at different wavelengths, necessitating care-
ful tuning of the nanostructure’s geometry and material proper-
ties to bring these effects into spectral alignment.

Third, balancing the spatial distribution is challenging.
Field localization and distribution refers to the concentration
of electromagnetic fields in a small region, often at the surface
of a metallic nanostructure, where the field intensity can be
orders of magnitude higher than that in the surrounding
medium. This localized enhancement is crucial for amplifying
weak optical signals, making it a key aspect of plasmonic
devices. The challenge in field localization and enhancement
lies in balancing the spatial distribution of the localized fields
across the nanostructure. Different plasmonic effects often
require specific spatial configurations of the enhanced fields.
For instance, SERS typically benefits from ‘“hot spots”—regions
of extremely high field intensity at sharp features or junctions
between nanoparticles—while other effects, such as SEF, may
require a more uniform field distribution over a larger area.
Achieving the right balance in the spatial distribution is chal-
lenging because it requires precise control over the nanostruc-
ture’s geometry, size, and material composition.
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3. Mechanics of plasmonic optical-
electric-acousto-thermal fusion
3.1 Plasmonic fusion with electronics

The combination of plasmonics and electronics is achieved
using hot electrons as a “bridge”. The process associated with
hot electrons includes plasmon generation and decay, and hot-
electron generation, injection, and regeneration (Fig. 10a). The
excitation and decay of plasmon have been introduced in the
previous article. Plasmons are excited by incident light of a
specific frequency and they dissipate their energy through
radiative and non-radiative decay. The decay process is related
to hot electrons, which can be traced back to 1996, when Zhao
et al. observed the photocurrent in the TiO, anode by irradiating
TiO, electrodes covered with gold or silver nanoparticles with
visible light."*° This is a surprising result because conventional
TiO, generates photocurrent only when illuminated by UV light.
The mechanism by which TiO, generates photocurrent under
visible light irradiation is still unclear. In 2003, the mechanism
was ascribed to plasmon-induced charge separation and oxida-
tion by Ohko et al.'*° Subsequent studies demonstrated the three
processes required to generate the photoinduced current: hot
electron generation, injection, and regeneration."*"'*> Following
these pioneering studies, plasmonic hot electrons have been
widely used in photovoltaic and catalytic devices. Injecting and
conducting away hot electrons before carrier recombination is a
key factor in the fusion of plasmonics and electronics. A com-
mon injection method is to allow plasmon particles to contact a
semiconductor (such as TiO,), forming Schottky junctions to
extract hot electrons.’*® The hot-electron generation and injec-
tion in TiO, can be completed within 50 fs."** The next step is
hot-electron regeneration, which is to harness the energy of hot
electrons before they thermalize. This can be done by transfer-
ring the energy to a different system. Carrier regeneration using
liquid electrolytes or a hole-transporting material is effective. For
instance, electron donor solutions containing Fe** were demon-
strated to accelerate carrier regeneration.'*> To further improve
the energy conversion efficiency of this process, it is crucial to
optimize the donor solution or hole-transporting materials to
achieve faster hot electron injection and regeneration before
energy loss occurs due to electron-electron collisions."*®

Surface plasmons are collective vibration modes of free
electrons under optical excitation, which have the potential to
combine electrical effects naturally. Plasmon-based electrical effects
offer clear benefits in applications involving light-trapping,
electron transfer, and energy transfer (Fig. 10b)."*” For instance,
the enhanced light-trapping capability is advantageous for
plasmon-based electrical applications, such as photodetectors,
solar cells, and photocatalysis."**>*> These applications involve
energy harvesting and electron transfer.'>® Therefore, we next
examine these processes in detail.

3.1.1 Light trapping. Plasmonic metal nanostructures can
enhance the light absorption/trapping performance of photo-
voltaic absorber layers without increasing their physical thick-
ness. Three approaches are shown in Fig. 11a. First, the light
scattering effect of metal nanoparticles can be used to couple

This journal is © The Royal Society of Chemistry 2025
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and trap freely propagating plane waves into absorbing semi-
conductor films. In this case, the nanoparticles are on the
semiconductor surface, and a metal reflective layer is added to
increase the path of light in the film (left panel of Fig. 11a).
Secondly, metal nanoparticles can be placed at the interface of
different semiconductor materials (middle panel of Fig. 11a). In
this configuration, the nanoparticles function as antennas, gen-
erating strong local electric fields, which enhance the efficient
light absorption in the photosensitive layer. Finally, plasmonic
metal nanostructures are placed on the back side of the surface
in the form of periodically arranged nanoarrays (right panel of
Fig. 11a). In this case, the plasmonic structures couple light into
the SPP modes supported by the metal/semiconductor interface
and into the guided modes in the semiconductor slab, thereby
converting light into photocarriers in the semiconductor. Kim
et al. demonstrated that the overall power conversion efficiency
was increased from 3.05% to 3.69% by incorporating plasmonic
Ag nanoparticles on surface modified transparent electrodes
(Fig. 11b).">* The conversion efficiency is strongly affected by
the size, type, dielectric environment, and shape of the metal
structure. For instance, cylindrical and hemispherical particles
showed higher path length enhancements than spherical parti-
cles (Fig. 11c), with Ag particles being more effective than Au."

View Article Online
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3.1.2 Hot-electron transfer. After light is captured, hot
electrons will be generated on the metal surface and transferred
to adsorbed molecules via direct and indirect ways (Fig. 12a). In
the direct transfer mechanism, these hot electrons are trans-
ferred directly from the metal nanostructure to the adsorbed
molecules. This process occurs at the metal-molecule interface
via resonant plasmon-driven electron excitation. For the transfer
to be efficient, the energy of the hot electrons must match the
energy levels of the unoccupied molecular orbitals of the
adsorbed molecules. This energy overlap allows the hot electrons
to be injected into the lowest unoccupied molecular orbital
(LUMO) of the molecule. The injection of hot electrons can
weaken intramolecular bonds within the adsorbed molecules,
reducing the energy barrier for chemical reactions.’® This can
enhance the rate of photocatalytic reactions, making the process
highly efficient for applications like solar-to-chemical energy
conversion."” Notably, the direct transfer of hot electrons com-
petes with other processes such as electron-phonon scattering,
which can lead to the loss of hot electrons before they can be
transferred to the molecules. This mechanism was experimen-
tally demonstrated by Boerigter et al. by using wavelength-
dependent Stokes and anti-Stokes SERS and kinetic analysis of
the photocatalytic reaction in a silver nanocube-methylene blue
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system (Fig. 12b)."*® They found that the methylene blue mole-
cule was more active at 785 nm than at 532 nm, based on the
contrast of the anti-Stokes versus Stokes signals. Plasmon-
generated hot electrons are more efficiently transferred to methy-
lene blue molecules under irradiation with longer wavelengths,
which contradicts the prediction of the conventional two-step
electron transfer mechanism. Therefore, they believe that the
direct charge transfer mechanism plays a significant role, leading
to accelerated rates of chemical decomposition or desorption of
molecules on the nanoparticle surface.

The indirect transfer of hot electrons from metal nanostruc-
tures to adsorbed molecules involves a more complex process
compared to direct transfer. After the generation, hot electrons
undergo a process called thermalization. This involves elec-
tron-electron scattering, which redistributes the energy among
the electrons, leading to a Fermi-Dirac distribution of hot
electrons and holes. In the indirect transfer mechanism, the
thermalized hot electrons can spill over from the metal nanostruc-
ture into the surrounding environment. This spillover occurs when
the hot electrons transiently leave the metal surface and interact
with the adsorbed molecules. During the spillover, the hot electrons
can transfer their energy to the adsorbed molecules. This energy
transfer can destabilize the molecular bonds, facilitating
chemical reactions."®® The interaction often leads to the excita-
tion of molecular vibrations, which can lower the activation
energy for subsequent reactions. Notably, the indirect transfer
process competes with other relaxation mechanisms, such as
electron-phonon scattering, which can lead to the loss of hot
electrons before they can interact with the adsorbed molecules.

5358 | Chem. Soc. Rev., 2025, 54, 5342-5432

Taking the room temperature dissociation of H, as an example
(Fig. 12¢),"® surface plasmons excited in the Au nanoparticles
decay into hot electrons, which transfer into a Feshbach reso-
nance of an H, molecule adsorbed on the Au surface, triggering
dissociation.

3.1.3 Energy transfer via dipole-dipole coupling. In
addition to light trapping and hot-electron transfer, the third
mechanism in the plasmon enhancement process is energy
transfer via dipole-dipole coupling, which can greatly enhance
the efficiency of solar energy harvesting. In this case, the plasmonic
metal absorbs sunlight and then transfers the absorbed energy
from the metal to the semiconductor via dipole-dipole coupling,
generating electron-hole pairs below and near the semiconductor
band edge (Fig. 13a)."®" The energy trapped in the semiconductor
can be extracted and stored via an external circuit. This process is
denoted plasmon-induced resonant energy transfer (PIRET).'®?
Notably, PIRET is a method of optical extraction rather than
extending the absorption of the semiconductor via interfacial
charge transfer. Another energy transfer mechanism in semi-
conductors is Forster resonance energy transfer (FRET) describing
energy transfer between two light-sensitive molecules (chromo-
phores)."®® FRET involves a donor chromophore in an excited
electronic state transferring energy to an acceptor chromophore
through non-radiative dipole-dipole coupling. This process is
highly distance-dependent, typically effective over 1-10 nano-
meters. Unlike FRET, PIRET does not involve a Stokes shift and
is strongly dependent on the plasmon’s dephasing rate and dipole
moment. PIRET can transfer energy towards shorter wavelengths
(blue-shifted), whereas FRET typically involves energy transfer to

This journal is © The Royal Society of Chemistry 2025
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Adapted with permission from ref. 159; Copyright 2013 American Chemi

cal Society. (I) Schematics of plasmon-induced hot electron generation on

AuNPs. (Il) Schematic diagram of H, dissociation on the AuNP surface. (lll) Schematic diagram of the energy levels of indirect electron transfer.

longer wavelengths (red-shifted). PIRET involves non-local absorp-
tion effects, which means the energy transfer can occur over larger
distances compared to FRET (Fig. 13b). PIRET for solar harvesting
requires design considerations. First, PIRET is best suited for thin
semiconductors to reduce recombination losses and increase
absorption within the decay length of the plasmon field. Second,
PIRET only occurs when spectral overlap is maintained and is best
used to increase the population of carriers in spectral regions
where semiconductor absorption is weak, such as near band
edges. Finally, although the plasmon-metal interface has
traditionally been considered only as a Schottky barrier that
modifies the carrier lifetime, the relative dephasing times of the
plasmon and semiconductor must be considered to achieve an
efficient PIRET."*

PIRET involves resonant energy transfer from localized surface
plasmons—typically present in metal nanoparticles—to nearby
semiconductors. Dominant material systems exploiting the PIRET
mechanism include metal-oxide nanostructures®'*>'% (such as
Au-TiO, or Ag-TiO, heterostructures, as well as combinations like

This journal is © The Royal Society of Chemistry 2025

Au-ZnO, Ag-Zn0O, and Au-CeO, used in photocatalysis, solar cells,
and sensors), metal-chalcogenide composites (for example, Au-
CdS, Au-Cu,O, and Au-ZnS systems that enable visible-light-
driven photocatalysis), and alloy nanoparticle-semiconductor
configurations (where alloyed plasmonic nanoparticles like
Au-Ag or Au-Pd are combined with semiconductors to provide
tunable plasmon resonances matching specific semiconductor
band gaps, thereby potentially boosting PIRET efficiency). In
contrast, FRET describes dipole-dipole coupling between two
light-sensitive species, with predominant material systems
including organic dye molecules'®” (classic FRET pairs like
Alexa Fluor dyes, rhodamine derivatives, and cyanine dyes
commonly used in bioimaging and sensing due to their high
extinction coefficients and well-defined spectral overlaps), quan-
tum dots (semiconductor nanocrystals such as CdSe/ZnS or InP/
ZnS that serve as FRET donors or acceptors because of their size-
tunable emission spectra and relative photostability), and per-
ovskite nanocrystals (emerging FRET donors or acceptors in
hybrid optoelectronics, where lead halide perovskite nanocrystals

Chem. Soc. Rev,, 2025, 54, 5342-5432 | 5359


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00427b

Open Access Article. Published on 12 May 2025. Downloaded on 7/30/2025 8:59:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

(@)

A Donor

PIRET
Acceptor

CB

FRET
Acceptor

Donor
CB)

>
(@]
o)
[
|
EF———— EF
VB VB
Metal Semi Metal Semi
; L L
DOS
(b)
A PIRET

[ ] Transient absorption
[7] Photocatalysis

Relative enhancement (a.u.)

T

600 700
Excitation wavelength (nm)
Fig. 13 Plasmonic energy transfer mechanism. (a) Comparison between
plasmon-induced resonance energy transfer (PIRET) and Forster reso-
nance energy transfer (FRET). Adapted with permission from ref. 161;
Copyright 2015 Springer Nature. PIRET excites the coherent plasmon-
to-semiconductor energy-transfer pathway, while FRET experiences an
incoherent semiconductor-to-plasmon pathway. Both transfer energy by
dipole—dipole coupling. (b) Enhancement of photoconversion by PIRET
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like CsPbBr; exhibit bright photoluminescence along with well-
defined absorption and emission overlaps for efficient energy
transfer).

3.2 Plasmonic fusion with thermonics

Plasmonics, as described above, has a wide range of applica-
tions in electronics via hot electron enhancement in areas such
as sensing and energy harvesting. In these studies, losses in the
metal and the associated heat generation are often considered
as side effects that must be minimized. Various strategies have
been explored to reduce heat loss.'®® One approach involves
material optimization, leading to the adoption of alternative
plasmonic materials, such as all-dielectric materials, which
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169 Struc-

exhibit lower ohmic losses compared to noble metals.
tural engineering techniques, such as metal-insulator-metal con-
figurations, have also been reported to enhance light confinement
and reduce non-radiative losses by up to 50%.>* Additionally,
advanced resonator designs, including high-Q plasmonic resona-
tors like bound states in the continuum (BIC) in continuous
media, have been shown to improve energy confinement and
minimize unnecessary heat generation."”® Beyond these strategies,
effective thermal management is essential to mitigate plasmonic
heating. Excess thermal energy must be dissipated from plasmonic
chips through conduction, convection, or radiation."®® A recent
study demonstrated a passive cooling system designed for high-
performance plasmonic chips, leveraging enhanced thermal con-
duction and natural convection.'”* The results indicate that by
integrating conventional cooling methods with well-designed
thermal interfaces, self-heating can be significantly reduced, low-
ering the temperature of the system to a few Kelvins.

However, some studies have shown that with appropriate
design, plasmon-related heat has great potential in thermal appli-
cations, which is called thermoplasmonics.”? In 1999,'”* a semi-
nal study utilized gold nanoparticles to generate heat and induce
protein denaturation, highlighting the benefits of metal nano-
particles over traditional dyes due to their enhanced light-matter
interaction at plasmonic resonance, which creates localized, high-
temperature increments without thermobleaching or photobleach-
ing. Despite its innovation, this work initially went unnoticed.
Interest in nanoplasmonic heating surged with two key publica-
tions: one in 2002 introduced plasmonic photothermal imaging,
combining modulated heating of nanoparticles with lock-in detec-
tion for precise positioning without photobleaching,'”* and the
other in 2003 proposed plasmonic photothermal therapy for
targeted cancer hyperthermia using gold nanoparticles.'”>'7®
These studies, alongside emerging applications like drug and gene
delivery, established thermoplasmonics as a significant field,
leveraging plasmonic nanoparticles as nanoscale heat sources for
various innovative uses.'”” %

Thermoplasmonics deals with the laws of heat generation
and diffusion, and its core is not the propagation, interference
and diffraction of light that are familiar in the field of optics. Key
mechanisms in thermoplasmonics include local heating, radia-
tive heat transfer, and thermal expansion (Fig. 14). Plasmonic
nanoparticles can convert absorbed light into localized heat
efficiently, which can be utilized for applications such as photo-
thermal therapy and triggering chemical reactions.'®" Addition-
ally, plasmons facilitate radiative heat transfer, allowing for
efficient energy transfer between nanoparticles and their sur-
roundings, enhancing thermal management in devices. Thermal
expansion due to plasmonic heating can be harnessed to actuate
nanoscale mechanical systems or to modify the properties of
materials at the nanoscale, leading to innovative applications in
nanoactuators. Next, we examine these processes in detail.

Plasmons undergo nonradiative relaxation via electron—electron
collisions or electron-lattice phonon coupling, generating heat and
increasing the surrounding temperature. The plasmonic heating
process is shown in Fig. 15a."®> When metal nanostructures are
excited with resonant photons, the photoexcitation of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 15 Plasmonic local heating mechanism. (a) Principles of photothermal light conversion into local heat in nanoparticles. Adapted with permission
from ref. 182; Copyright 2014 the Royal Society of Chemistry. The plasmonic heating process includes (I) photoexcitation of the electron gas, (Il) non-
equilibrium heating, (lll) increase in the surface temperature, (IV) cooling to equilibrium, and (V) heat dissipation into the surrounding medium. (b)
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with permission from ref. 185; Copyright 2020 Springer Nature. Inset: 2D heat profile of CuNPs. (c) Schematic illustration of the plasmonic heating for
nanofabrication. Adapted with permission from ref. 186; Copyright 2016 Springer Nature.

electron gas results in rapid non-equilibrium heating. This
process begins with the absorption of resonant light, causing
collective oscillations of free electrons known as plasmons.
These excited electrons quickly undergo electron-electron scat-
tering within subpicosecond timescales, leading to a significant

This journal is © The Royal Society of Chemistry 2025

rise in the metal’s surface temperature. Following this initial
heating, the electrons transfer their energy to the lattice through
electron-phonon coupling, bringing the system toward thermal
equilibrium. This energy exchange happens rapidly, causing the
lattice to heat up. In the subsequent hundred picoseconds, the
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lattice cools down via phonon-phonon interactions, dissipating
heat into the surrounding medium. This mechanism of loca-
lized heating and subsequent heat transfer into the environ-
ment has wide-ranging applications. In medical treatments
like plasmonic photothermal therapy, the generated heat can
selectively destroy cancer cells.'®® In catalysis, the localized
heating can accelerate chemical reactions.'®* Moreover, this
process is utilized in sensors and imaging technologies, where
the heat-induced changes can produce detectable signals.

The temperature increase of plasmonic nanoparticles is
affected by the laser power and the absorption cross section
of nanoparticles. Fig. 15b shows the temperature profiles of
three optically trapped CuNPs of different sizes under a con-
stant laser power of 270 mW."® As observed, the temperature
of the particle surface is the same, and the temperature rise
decreases in the area away from the particle. In addition, the
larger the particle, the higher its temperature. The generated
local heating is not limited to being transferred to the sur-
rounding medium, but can also be used to reshape the nano-
structure itself. A representative example is plasmonic colour
laser printing. As shown in Fig. 15¢,'®® a laser is used to emit
short, intense pulses of light onto the nanoimprinted metasur-
face, which generates localized heat due to the absorption
of light. The localized heating causes the nanostructures
to undergo thermal deformation. Depending on the laser
parameters, the nanostructures can be reshaped in various
ways, such as changing their size, shape, or orientation. The
reshaping of the nanostructures alters their plasmonic proper-
ties, which in turn changes the way they interact with light. By
precisely controlling the reshaping process, different colors can
be produced. This is because the plasmonic resonances of the
nanostructures determine the specific wavelengths of light they
absorb and scatter. The method allows for extremely high-
resolution color printing, with a resolution of up to 127000
dots per inch (DPI). This is due to the precise control over the
laser pulses and the nanoscale features of the metasurfaces.

In addition to thermal conduction, another way of heat
transfer is near-field radiative heat transfer (NFRHT). This
phenomenon arises when the distance between two objects is
comparable to or less than their characteristic thermal wave-
length, allowing energy to transfer through evanescent waves,
such as frustrated modes and surface polaritons. Consequently,
the heat flux in the near-field can be significantly greater than
that of conventional far-field radiation. NFRHT becomes parti-
cularly pronounced when objects are separated by a vacuum
gap smaller than their thermal characteristic wavelength.
Research into NFRHT has uncovered intriguing effects, such
as ballistic heat transport, thermal photon drag, and an unu-
sual photon thermal Hall effect.'®” This line of study has led to
innovative applications, including the development of thermo-
photovoltaic devices, near-field radiative cooling systems, and
advanced thermal management solutions. Next, we introduce
NFRHT by taking a system consisting of two monolayer bis-
muth selenide (Bi,Se;) sheets as an example, as shown in
Fig. 16a.'®® The heat flux between them and their comparison
with ITO and graphene are shown in Fig. 16b. For nanoscale
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Fig. 16 Plasmonic radiative heat transfer mechanism. (a) Schematic of
near-field radiative heat transfer between two sheets of bismuth selenide
(Bi,Ses). (b) Heat flux Q of the monolayer Bi,Ses sheet, monolayer graphene
sheet, and bulk ITO, with different vacuum gaps. (c) Heat flux Q as a function
of incident light frequency (w) for two sheets of Bi,Sez under different gaps d.
Adapted with permission from ref. 188; Copyright 2021 Elsevier.

gaps, the NFRHT between two Bi,Se; sheets is greatly enhanced,
and its magnitude can be well above the blackbody limit.
Moreover, the heat flux between Bi,Se; sheets can exceed that
of monolayer graphene and bulk ITO, especially at smaller gap
distances. For NFRHT, the heat transfer distance is a key
parameter. As the distance increases, the radiative heat flux of
a single-layer Bi,Se; sheet decreases monotonically due to the
rapid decay of the localized density of states, and the corres-
ponding NFRHT also decreases rapidly. In addition, the spectral
radiation heat flux redshifts with increasing gaps (Fig. 16c). This
redshift of the spectral radiation heat flux can be explained by the
attenuation length, that is, surface polaritons located at high
frequencies are more easily filtered out by larger vacuum gaps.'®

Thermal expansion caused by uneven heating is another
thermal feature. Nanostructures such as nanorods and nanowires
have an uneven near-field distribution due to the lightning rod

This journal is © The Royal Society of Chemistry 2025
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effect, which leads to spatially distributed heat. Uneven thermal
expansion is widely used in actuators. The concept of using
plasmonic thermal expansion for actuation emerged due to the
potential for precise and rapid control of mechanical movements
at the micro- and nano-scale. Early demonstrations involved
simple structures, such as cantilevers and membranes,'*°
porating plasmonic materials that expanded upon light irradia-
tion. In the 2010s, significant progress was made in developing
plasmonic actuators.'®>'*> Complex nanoscale devices that uti-
lized plasmonic thermal expansion to achieve controlled move-
ments were developed.'® These actuators demonstrated high
precision, fast response times, and the ability to operate at small
scales. For instance, Linghu et al. demonstrated the plasmon-
driven movement of gold nanowires on silica microfibres
(Fig. 17a)."** Specifically, plasmons are excited in metal nanowires
using pulsed lasers, enhancing the heating effect and generating
surface acoustic waves (SAWSs). The heating causes the nanowire to
expand and contract, creating a peristaltic crawling motion similar
to an earthworm (Fig. 17b). The SAWs help the nanowires over-
come strong surface adhesion forces, allowing precise movement
along silica microfibres (Fig. 17c). This method achieves sub-
nanometer positioning accuracy, low actuation power, and versa-
tile on-chip manipulations (Fig. 17d and e).

Combining plasmonic nanoparticles with soft materials is
another strategy to exploit thermal expansion. For instance, a
bilayer structure combining gold nanoparticles with poly(N-
isopropylacrylamide) and poly(acrylamide) was developed.'®’

incor-
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This system leverages the heating of gold nanoparticles upon
exposure to their plasmon resonance wavelength, leading to
differential thermal expansion between the two layers. Plasmo-
nic resonances are particularly useful for achieving wavelength-
specific responses. For example, an actuator utilizing AuNRs on
polymethyl methacrylate (PMMA) was designed,"®" where careful
tuning of the nanorods’ dimensions allowed for sensitivity to
various wavelengths in the visible and near-infrared spectra.
Similarly, a wavelength-dependent actuator was developed by
embedding copper nanorods in a PVA matrix.'®® In contrast,
highly damped plasmonic nanostructures can be engineered for
an ultrabroadband light response. This was exemplified by
mechanically coupled arrays of iron nanodomes transferred onto
thin polydimethylsiloxane (PDMS) layers, creating soft actuators
responsive to light from UV to thermal infrared.'®® Applications
of this technology include a self-regulating iris, an optical
gripper, and an opto-mechanical electrical switch. Furthermore,
a magnetic-plasmonic actuator consisting of hybrid Fe;O,/Ag
nanorods within a photocurable polymer matrix was developed
and modulated by altering the laser polarization.'®”

3.3 Plasmonic fusion with acoustics

The combination of plasmonics and acoustics represents a
promising frontier in the field of wave-based technologies.
Plasmons are renowned for their ability to manipulate light at
the nanoscale, concentrating electromagnetic energy in tiny
volumes. When these capabilities are harnessed alongside
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Fig. 17 Plasmonic thermal expansion. (a) Schematic diagram of the peristaltic crawling caused by thermal expansion of plasmons. Adapted with
permission from ref. 194; Copyright 2021 Springer Nature. (b) Time-course changes of the nanowire in the thermal crawling. (c) Time-dependent axial
expansion behavior of the nanowire front end. (d) The creeping movement of gold nanowires on silica microfibers due to thermal expansion. (e)
Microscope image showing the movement of gold nanowires on suspended microfibers.
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acoustic waves—mechanical vibrations that propagate through
different media—the result is a powerful synergy that enhances
the performance of acoustic systems across a wide range of
frequencies. This integration not only addresses existing chal-
lenges in acoustics but also opens up new possibilities for
applications in sensing, imaging, and fluid control. By exploring
the interactions between plasmons and acoustics across different
frequency ranges, we can unlock new levels of precision and
efficiency in various technologies.

The combination of plasmons and acoustics covers the kHz
to IR region (Fig. 18). In the kHz range, ultrasound struggles with
the limited efficiency of generating and detecting ultrasound
waves, particularly in applications involving the PA imaging of
biological tissues in vivo. Plasmons, with their ability to generate
local heating via hot electrons, significantly enhance PA effects
by increasing transient thermoelastic expansion. The critical
technology here involves the design of plasmonic nanostructures
that resonate at the specific wavelengths used in PA applications,
optimizing light absorption and conversion into ultrasound
waves. Moving to the MHz range, plasmons can enhance the
detection of microfluidic behavior by improving the sensitivity of
sensors that interact with SAWs. This allows for more precise
monitoring of fluid dynamics, while SAWs themselves are used
to control the movement of these fluids.’*® This involves engi-
neering plasmonic surfaces that can interact effectively with
SAWs, enabling simultaneous detection and control within
microfluidic environments. In the GHz range, a significant
challenge is the excitation and detection of high-order acoustic
modes, which are difficult to resolve due to their ultrafast nature.
When combined with femtosecond pump-probe techniques,
plasmons enable the excitation and detection of these high-
order modes in thin metal films, particularly in LO acoustic
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modes. The plasmonic enhancement improves temporal resolution
and sensitivity, making it possible to study these fast acoustic
phenomena. At even higher frequencies, in the THz to infrared
range, the proximity of graphene to metals can give rise to graphene
acoustic plasmon resonance, which provides a novel mechanism for
enhancing acoustic interactions in this spectral range. This phe-
nomenon opens up new possibilities for acoustic manipulation and
sensing in the THz to IR range. Overall, across all these frequency
ranges, the integration of plasmonics with acoustics offers
innovative solutions to longstanding challenges. Next, we exam-
ine these combinations in detail.

In the kHz range, plasmonic effects predominantly enhance
the PA effect. Four main mechanisms for the generation of PA
waves have been reported: thermal expansion or thermoelastic
expansion, vaporization, optical breakdown, and photochemical
processes. For biomedical applications, the thermoelastic expan-
sion route is generally considered the mainstream strategy,
induced by a slight temperature increase (usually in the milli-
kelvin range) due to energy deposition inside biological tissues
through the absorption of incident electromagnetic energy.'*®
The excited PA signal is locally determined by the electromag-
netic absorption and scattering properties, thermal properties
(including thermal diffusivity and thermal expansion coeffi-
cient), and elastic properties of the sample. The plasmonic
enhancement of the PA signal arises because plasmons can
significantly increase the efficiency of light absorption and
subsequent heat generation. The generation of ultrasound
enhanced by plasmonic nanoparticles is shown in Fig. 19a. First,
plasmons are excited by the irradiation of a pulse of light, which
causes local heating. Due to the small increase in temperature
caused by the absorption of heat, the plasmonic particles expand
briefly. This generates a pressure transient that can be detected
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Fig. 18 Plasmonic fusion with acoustics. The combination of plasmon and acoustic devices includes ultrasound in the kHz region, SAWs in the MHz
region, ultrasonics in the GHz region, and graphene acoustics in the IR/THz region.
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acoustically. There is no bulk heating of the sample because the
expansion is spatially and thermally confined using light pulses
shorter than the thermal relaxation time of the absorber.

The resulting PA signal is a function of the optical, thermal,
and elastic properties of the nanoparticle-medium system,
which can be expressed by (Fig. 19b)

2
o= (e )uar =ra )
p

where key parameters include the pressure difference (p,), the
thermal expansion coefficient () of the absorbing system, the
speed of sound (c), the specific heat capacity of the absorbing
system (Cj), the absorption coefficient (u,), and the irradiation
fluence (F). Plasmons mainly affect the absorption coefficient, the
thermal expansion coefficient, and the specific heat capacity of
the absorber. The PA signal can be optimized by modifying the
nanoparticle shape, material, and solvent. For instance, Chigrin
et al. modeled and showed that the most promising geometries
are high aspect ratio AuNRs and gold nanostars with high
absorption (or u,) and low scattering coefficients.>’* It is there-
fore easy to tune changing the shape of plasmonic nano-
structures. Another strategy to improve the absorption coefficient
is to move plasmonics to the second near-infrared window
(NIR-II, 1000-1700 nm). This is widely used in PA imaging
because biological tissues have a lower background absorption
in this window (Fig. 19¢).>* In particular, it provides deeper light
penetration and a higher maximum permissible exposure com-
pared to the visible spectrum and NIR-I (650-900 nm) range.
Regarding the coefficient of thermal expansion (f), it is a
material property that describes how the size of an object
changes with temperature and is generally challenging to alter
in plasmonic nanostructures. However, f can be influenced by
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interfacial thermal resistance. During laser pulsing, heat is not
fully confined within nanoparticles; instead, some heat diffuses
into the surrounding solvent, creating a high-temperature shell-
like solvent layer around the nanoparticles. This temperature rise
causes thermal expansion in both the nanoparticles and the
solvent. The amount of heat transferred to the solvent is deter-
mined by factors such as the laser pulse duration, the interfacial
thermal resistance at the nanoparticle-solvent boundary, and the
thermoelastic properties of the solvent. Thus, modifying solvent
properties emerges as a viable approach to enhancing the PA
signal. For instance, Shi and collaborators demonstrated through
modeling and experimentation that replacing water with ethanol
as the solvent for gold nanospheres increased the PA signal by a
factor of 4.5.>%>

In the MHz range, there are two strategies to achieve the
combination of plasmons and SAWSs, depending on the way of
plasmon excitation. The first approach is the interaction of SAWs
with plasmons in optical waveguides with confined modes, as
shown in Fig. 20a. In this configuration, SAWs can modulate the
local dielectric environment and the electron density at the metal
surface, leading to a periodic modulation of the plasmon reso-
nance. This interaction can be used to dynamically tune the
plasmonic response in a material, potentially allowing for the
development of reconfigurable plasmonic devices. Besides, the
mechanical strain and the electric fields generated by SAWs can
enhance the propagation of surface plasmons along the interface,
possibly leading to increased plasmonic signal strength over
longer distances. For instance, Huang and co-workers integrated
a semiconductor-metal-insulator-semiconductor based hybrid
plasmonic waveguide with interdigital transducers for SAW gen-
eration (Fig. 20b).>* It is demonstrated that SAWs can cause
periodic refractive index variations along the direction of acoustic
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Fig. 19 Plasmon-enhanced photoacoustic effects in the kHz range. (a) Schematic diagram showing the enhancement of ultrasound generation in
photoacoustic effects via the pressure difference induced by plasmon-enhanced thermal expansion. (b) Factors affecting pressure difference (po) in
plasmon-enhanced photoacoustic effects. (c) Schematic diagram of the plasmon-enhanced photoacoustic imaging. Adapted with permission from ref.

200; Copyright 2021 American Chemical Society.
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sensitive behavior of the SAW-SPR platform.

propagation (Fig. 20c). This phenomenon can be understood by
considering the refractive index modulation caused by the elastic
deformation induced by SAWs. Besides, the plasmonic intensity
was also enhanced by the SAW, and it achieves a plasmonic
intensity gain of 1.08 dB at a peak-to-peak potential swing of 3 V.

The second approach is the interaction of SAWs with plasmons
in free-space excitation, as shown in Fig. 20d. In this configuration,
the combination leverages the high sensitivity of plasmonic sen-
sors to changes in the refractive index at the sensor surface, along
with the ability of SAWs to manipulate and control fluids at the
microscale. A specific example of this integration is the use of a
common LiNbO; piezoelectric substrate, where SPR sensing is
combined with SAW actuation (Fig. 20e).>** In this setup, the
LiNbO; substrate facilitates the generation of SAWs due to its
piezoelectric properties. These acoustic waves can then interact
with the surface plasmon waves, leading to enhanced microfluidic
mixing on the sensor surface. This enhanced mixing is crucial in
scenarios where rapid and uniform distribution of analytes is
needed, such as in biosensing assays. Additionally, the SAW
component can help reduce non-specific adsorption of molecules
to the sensor surface. Non-specific adsorption often leads to false
positives or reduced sensitivity in SPR sensors. By using SAWs, the
surface can be actively cleaned or modulated, which helps in
maintaining the specificity and accuracy of the SPR signal. This
combination not only improves the sensitivity and selectivity of the
sensor but also enhances the overall performance by reducing
noise and improving the response time (Fig. 20f).

In the MHz range, the integration of plasmonics with
ultrafast ultrasonics, particularly pico/femtosecond ultrasonics,

5366 | Chem. Soc. Rev.,, 2025, 54, 5342-5432

offers significant advancements in the field by enhancing both
the generation and detection of high-frequency acoustic waves.
Plasmons can confine electromagnetic fields to nanoscale
regions, which amplifies the interaction between light and matter.
This confinement is crucial for ultrafast ultrasonics, where the
ability to generate and detect acoustic waves with high spatial
resolution and sensitivity is essential. The setup for ultrafast
ultrasonics involves a pump-probe technique, as shown in
Fig. 21a, where a short laser pulse (pump) is used to excite the
material and generate acoustic waves, and a delayed pulse (probe)
is used to detect the resulting changes. In the setup, the process
begins with the pump beam being focused onto a gold layer from
the air side, creating a localized thermal expansion that generates
picosecond acoustic waves within the material. To improve the
accuracy of the measurements, a portion of the probe beam is
split off and used in a balanced detection scheme.

One of the primary enhancements that plasmonics brings to
picosecond ultrasonics is the ability to focus energy into extre-
mely small volumes, leading to the generation of more intense
and localized acoustic waves. This is particularly useful in
applications involving nanoparticles or nanostructured materi-
als, where traditional methods might struggle to achieve suffi-
cient excitation or detection sensitivity. In terms of detection,
plasmonic enhancement can significantly improve the sensitiv-
ity to small changes in optical properties caused by acoustic
waves. This is particularly important in cases where the acous-
tically induced changes are subtle, such as in nanoscale systems
or materials with weak acoustic responses. Plasmons, by ampli-
fying these changes, enable more precise measurements. For

This journal is © The Royal Society of Chemistry 2025
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instance, Hettich and co-workers combined ultrafast pump-probe
PA spectroscopy with plasmon resonance to detect LO acoustic
modes in gold films.**® The method achieved high sensitivity,
detecting acoustic modes up to the 7th harmonic (~200 GHz) with
sub-picometer amplitude sensing capabilities (Fig. 21b and c). It
also separated the dynamics of the dielectric function and film
thickness variation. To extend ultrasonics from picosecond to
femtosecond, Temnov and co-workers developed a hybrid gold/
cobalt bilayer structure using ultrafast surface plasmon inter-
ferometry with femtosecond time resolution (Fig. 21d).2°® They
observed substantial nonlinear reshaping of acoustic pulses
after propagating just 100 nm in gold (Fig. 21e and f).

In the terahertz to infrared range, a mode called acoustic
graphene plasmon (AGP) with unprecedented field confinement
can be excited. Its excitations can be traced back to graphene
plasmons, which are collective oscillations of charge carriers in
graphene, which can be excited by electromagnetic fields,
particularly in the IR and THz frequency ranges. These graphene
plasmons are known for their ability to confine electromagnetic

This journal is © The Royal Society of Chemistry 2025

energy into extremely small volumes, enabling strong light-
matter interactions at the nanoscale. However, when graphene
is brought close to a metal surface, with a sufficiently thin
dielectric spacer in between, a different type of plasmon, known
as the AGP, can be excited (Fig. 22a). The AGP arises from the
interaction between the charge density oscillations in the doped
graphene layer and the image charges induced in the nearby
metal. This interaction effectively mirrors the oscillating charges
in graphene, leading to a highly confined plasmonic mode within
the narrow dielectric spacer. Unlike conventional graphene plas-
mons, AGPs are characterized by their ability to propagate with a
much higher wavevector, allowing for extreme localization of the
electromagnetic field.

One of the key properties of AGPs is their unprecedented field
confinement (Fig. 22b),>*” which surpasses that of traditional
graphene plasmons and other polaritonic modes in van der
Waals materials. This confinement occurs primarily within the
dielectric spacer, allowing the AGP to compress MIR light into
extraordinarily small volumes, with a mode volume confinement
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Nature.

factor as high as 10'°. Another advantage of AGPs is their reduced
ohmic losses compared to graphene plasmons, as the electro-
magnetic energy is less concentrated in graphene itself and more
within the spacer. Furthermore, AGPs do not suffer from cutoff as
the spacer thickness decreases, meaning they can be sustained
even when the dielectric layer is reduced to a single atomic layer,
such as hexagonal boron nitride. This makes AGPs highly effi-
cient for applications requiring strong light-matter interactions,
such as molecular sensing, polaritonic dispersion engineering,
and dynamic light manipulation using graphene-based metasur-
faces. For instance, Oh and co-workers used a two-stage coupling
scheme where free-space light couples to conventional graphene
plasmons, which then couple to ultraconfined acoustic graphene
plasmons (Fig. 22¢).>°® They also integrated an optical spacer and
a reflector to enhance the absorption. This method achieved
nearly perfect absorption (94%) of incident mid-infrared light,
allowing ultrasensitive detection of absorption bands and surface
phonon modes in Angstrém-thick protein and dielectric films. In
summary, AGPs are a unique acoustic plasmonic mode with
exceptional confinement capabilities and low losses, making
them highly suitable for advanced photonic applications in the
mid-infrared and terahertz regimes.

3.4 Plasmonic optical-electric-acousto-thermal fusion

As mentioned above, plasmonics is not isolated from optical,
electrical, acoustic, and thermal technologies. In fact, plasmo-
nics, photoelectric, acoustic, and thermal fusion is a cutting-
edge concept that integrates multiple physical effects (optical,
electronic, acoustic, and thermal) into a multifunctional plat-
form to improve the efficacy and precision of plasmonics
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applications (Fig. 23a). Next, this fusion technology is explained
using cancer diagnosis and treatment as an example. Li and
co-workers developed hybrid nanoparticles (HNPs) with multi-
ple modalities consisting of a dual-plasmonic Au@Cu,_,Se
core-shell nanocrystal (Fig. 23b).>* This fused platform leverages
the unique properties of plasmonic nanomaterials, which can
simultaneously interact with light, generate heat, catalyze chemical
reactions, and produce acoustic signals. By combining these
effects, plasmonic fusion enables advanced imaging, targeted
therapy, and enhanced therapeutic outcomes. The first is plas-
monic optical enhancement and imaging. The HNPs exhibit
strong plasmonic resonance under NIR-II laser irradiation,
which enhances their optical properties. This resonance allows
for high-contrast NIR-II imaging, enabling real-time visualiza-
tion of tumors with minimal tissue damage. The deep tissue
penetration of NIR-II light, combined with reduced scattering
and absorption, improves imaging quality and contrast, essen-
tial for guiding and monitoring cancer therapy. The second is
the electronic catalysis. The plasmonic excitation of HNPs also
generates hot carriers, which drive photocatalytic reactions in the
tumor microenvironment. Specifically, the nanocrystals facilitate
the Fenton-like reaction between Cu,, ions and H,0,, producing
hydroxyl radicals (-OH) that induce oxidative stress in cancer cells.
This reaction is further enhanced by the NIR-II irradiation, making
the treatment more effective even under hypoxic conditions where
traditional therapies might fail. The third is photothermal therapy.
The plasmonic resonance also induces a photothermal effect,
where localized heating occurs within the tumor tissue. This effect
leads to hyperthermia, which can ablate cancer cells directly. The
precise control over the temperature rise, guided by real-time

This journal is © The Royal Society of Chemistry 2025
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synthesis of HNPs. () HNPs were injected into mice. (lll) Interaction between tumor tissue and HNPs. The whole process involves (IV) photothermal
effect for tumor treatment, (V) hot electron-driven OH generation for Fenton reaction, and (VI) photoacoustic effect for tumor imaging.

imaging, minimizes damage to surrounding healthy tissues,
enhancing the safety and efficacy of the treatment.

The plasmonic optical-electric-acousto-thermal fusion in HNPs
offers several key advantages: (1) targeted and controlled therapy:
the combination of imaging and therapy ensures that treatment is
precisely targeted to the tumor, reducing side effects and improv-
ing outcomes; (2) hypoxia tolerance: the ability to generate OH ™
radicals even in low-oxygen environments overcomes a significant
barrier in cancer therapy; (3) minimized tissue damage: NIR-II
light’s deep penetration and the controlled photothermal effect
reduce the risk of overheating and photodamage, making the

This journal is © The Royal Society of Chemistry 2025

treatment safer; and (4) enhanced imaging: high-contrast NIR-II
and PA imaging provide detailed insights into tumor morphology
and treatment efficacy, enabling better clinical decisions.

3.5 Section summary

In summary, this section introduces the fusion of plasmonic
optical, electrical, acousto, and thermal effects. We analyze the
multiphysical coupling of plasmons with acoustics, electronics,
and thermal phenomena, emphasizing their comprehensive
integration. Nevertheless, this fusion continues to present
significant challenges.
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One of the primary challenges in the fusion within plasmonics
lies in the inherent differences between the mechanisms of optical,
electric, acoustic, and thermal domains. Each of these mechanisms
has unique operational characteristics and requirements. For
instance, optical mechanisms often rely on precise control of
light-matter interactions, while electric mechanisms focus on the
efficient transport and manipulation of charge carriers. Acousto
mechanisms, on the other hand, involve the propagation of
mechanical waves through materials, and thermal mechanisms
deal with heat generation and transfer. Plasmonics, with its ability
to confine and enhance electromagnetic fields at the nanoscale,
offers a potential platform to integrate these diverse mechanisms. A
good example of this is the plasmonic-induced thermal effect,
which can enhance both PA signals and thermal therapies, thereby
creating a synergy between optical, acoustic, and thermal effects.
However, designing plasmonic systems that can effectively combine
these distinct mechanisms remains a significant challenge.

Another critical challenge is the lack of comprehensive theore-
tical frameworks that can describe the integration of optical,
electric, acousto, and thermal effects within a single plasmonic
system. Currently, theories in each domain are highly specialized
and often do not account for the interactions between different
types of energy conversion processes. For example, while there are
established theories for plasmonic energy conversion and nano-
particle heating, these theories may not adequately describe how
mechanical energy, converted through a nanogenerator, interacts
with plasmonic excitations to produce a unified energy transfer
process. The absence of such a unified theory hinders the devel-
opment of integrative plasmonic technologies, as researchers lack
the tools to predict and optimize cross-domain interactions.
Addressing this gap requires new theoretical models that can
capture the full complexity of energy interactions across optical,
electric, acousto, and thermal domains within plasmonic systems.

A further challenge is finding materials that exhibit high
performance across all relevant domains—optical, -electric,
acousto, and thermal. Most materials are optimized for one or
two of these domains but may perform poorly in others. For
instance, metals like gold and silver are excellent for plasmonic
and electrical applications due to their superior conductivity and
plasmonic resonance properties. However, these metals are not
ideal for acoustic applications, where materials with better acous-
tic impedance matching are preferred. Similarly, materials that are
thermally efficient may lack the necessary optical or electrical
properties required for plasmonic applications. This scarcity of
multifunctional materials complicates the design of plasmonic
systems that need to excel in multiple domains simultaneously.
One potential solution lies in the development of composite or
hybrid materials that combine the strengths of different materials
to achieve high performance across all required domains.

4. Biodiagnosis and molecular
detection

Plasmonic nanostructures have the remarkable ability to con-
fine light within sub-wavelength scales and facilitate strong
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light-matter interactions, paving the way for groundbreaking
advancements in biomolecular detection and medical diagnostics.
By leveraging their unique optical properties, these nanostructures
can enhance local electromagnetic fields, thereby significantly
amplifying otherwise weak molecular signals. This enables highly
sensitive detection of biological, gaseous, and chemical molecules.
Plasmon-enhanced spectroscopic techniques, such as refractive
index (RI) sensing, SERS, SEIRA, SEF, and surface-enhanced chiral
sensing, have been widely adopted in various molecular detection
applications. These technologies have not only revolutionized the
healthcare industry but have also had profound impacts on fields
such as food safety, environmental monitoring, security, pharma-
ceuticals, and forensic science.

Despite the exciting potential of plasmon-enhanced molecular
sensing technologies, several challenges remain. For instance, the
resonant frequencies of plasmonic nanostructures often lack tun-
ability, limiting their adaptability across different applications.
Additionally, the “hotspots” generated by plasmonic nanostruc-
tures are spatially confined, which can hinder effective interaction
between molecules and these hotspots, thereby affecting signal
enhancement. Moreover, optical detection schemes frequently rely
on large and complex instrumentation, making portable applica-
tions challenging. Furthermore, the rapid attenuation of light in
biological tissues constrains the use of these techniques for in vivo
applications. In recent years, the development of interdisciplinary
approaches has led to the convergence of multiple physical fields
and effects, providing novel solutions to these limitations. For
example, combining plasmonics with electronics can enable
dynamic tuning of the resonant frequencies of nanostructures,
facilitating efficient molecular detection over a broadband range.
These hybrid technologies not only improve the performance of
plasmonic nanostructures but also expand their applicability in
molecular diagnostics.

In this section, we will begin by categorizing plasmonic nano-
structures based on their different dimensions and outlining their
fundamental characteristics. We will then focus on plasmon-
enhanced spectroscopic techniques and their promising applica-
tions in biochemical molecular detection. Finally, we will explore
the integration of plasmonics with electronic and acoustic technol-
ogies, discussing how these combinations address current chal-
lenges in plasmonic nanostructures and offering insights into the
future of these emerging technologies in molecular diagnostics
(Fig. 24). Through the introduction of various plasmon-enhanced
sensing, we hope to help researchers quickly understand and select
the most appropriate detection technology for the field of molecular
sensing. Because the topic is vast and evolving, our review will not
be comprehensive. Nonetheless, we will try to describe the main
research in this area and evaluate some related literature.

4.1. Plasmonic nanostructures and fabrication

4.1.1. Zero-dimensional plasmonic nanostructures. Zero-
dimensional (0D) plasmonic nanostructures (Fig. 25), typically
1-100 nm in size, exhibit LSPR, generating electromagnetic
hotspots that enhance sensing techniques such as SERS and
SEF.”'°>"> Typical examples include individual nanoparticles
like nanospheres and nanocubes, which can be optimized by

This journal is © The Royal Society of Chemistry 2025
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Fig. 25 Schematic diagram of a typical zero-dimensional plasmonic
nanostructure.

introducing sharper edges (e.g:, nanostars, nanoprisms) or nano-
shell structures to enhance hotspot intensity.*”**>*° However, the
electromagnetic field enhancement of individual nanoparticles
rarely exceeds 10”.”°® To achieve stronger hotspots, coupled
nanostructures with controlled nanogaps have been developed,
with nanoparticle dimers being the most common.***** Due to
strong electromagnetic coupling, a metal nanoparticle dimer
generates highly localized fields in the nanoscale gap, enhancing
SERS signals by up to 10%.>*® The field strength increases as the
gap narrows, but quantum tunneling limits enhancement when
the gap is reduced below ~0.6 nm.**® Inspired by dimer
structures, researchers have designed core-shell nanoparticle
dimers,*”**® aggregates,”*>**® and multiparticle arrays with

This journal is © The Royal Society of Chemistry 2025

controlled nanoscale gaps. These structures generate
extremely small (~1-5 nm) yet highly effective hotspots, con-
tributing over 50% of the sensing signal.>***** Therefore, pre-
cise placement of probe molecules within these hotspots is
essential for effective detection.

Despite their strong localization, hotspots formed by multi-
particle structures are often inaccessible on common substrate
materials like silicon wafers or ceramics.?>***! To address this,
hybrid structures combining plasmonic nanostructures with target
materials have been developed, generating hotspots directly on the
substrate surface. A simple example is placing a single nanopar-
ticle on a semiconductor or metal surface, where interactions
between scattered and reflected electromagnetic fields create
hotspots.>*>>*” The intensity depends on the dielectric properties
of the substrate—SERS enhancement on metal surfaces is signifi-
cantly stronger than on semiconductors.”*® Additionally, the
nanoparticle shape influences enhancement; for instance, nano-
cubes generate larger hotspot areas than nanospheres.**® To
further enhance sensitivity, nanoparticle aggregates can be used
instead of single nanoparticles.”*® These structures generate hot-
spots both at the particle-substrate interface and within nanoscale
gaps, amplifying SERS signals by two to three orders of magnitude
compared to single nanoparticles.”*® Moreover, functionalizing
these nanostructures enables selective molecular detection,
improving specificity and sensitivity.”**>**> These advances hold
great potential for applications in biosensing, environmental
monitoring, and nanotechnology.

4.1.2. One-dimensional plasmonic nanostructures. One-
dimensional (1D) plasmonic nanostructures, formed by extend-
ing 0D nanostructures in one direction, include nanorods, nano-
wires, nanoribbons, and nanotubes (Fig. 26).>**> Among these,
nanorods are widely studied due to their anisotropic plasmonic
properties.”** Unlike nanospheres, nanorods exhibit two distinct
plasmon modes: one along the short axis, operating in the visible
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range, and another along the long axis, typically in the near-
infrared range.>*> By adjusting their aspect ratio, the LSPR of
nanorods can be tuned across a broad spectrum, optimizing
SERS performance.”**>*® In contrast, nanospheres have a fixed
and narrower plasmonic tuning range. Additionally, nanorods
exhibit stronger absorption, higher quality factors, and enhanced
electromagnetic fields at their tips,**°*' making them highly
sensitive to refractive index changes and well-suited for applica-
tions in biomedical imaging and photothermal therapy.>**>>*

Nanowires, with their high aspect ratio, can manipulate
electrons, photons, plasmons, and phonons at the nanoscale,
enabling diverse applications.>®**” In 2000, Dickson and Lyon
observed that incident light on the end of a metal nanowire
could couple into surface plasmons and propagate along its
length, a phenomenon known as propagating surface plasmons
or SPPs.>*® Nanowires can support multiple plasmon modes,
each with distinct propagation constants and polarization
characteristics.>”® These properties make them ideal as plasmo-
nic waveguides, connecting plasmonic probes to optical fibers
for molecular detection.>*°2%* For instance, periodic nanowire
arrays have been proposed for SERS enhancement, where laser
illumination excites plasmons at one end, transmitting them to
the opposite end, where they enhance Raman signals.*** How-
ever, in a remote SERS single nanowire system, the extended
nanowire length restricts the excitation distance, reducing
Raman signal enhancement. To overcome this, researchers have
explored configurations such as nanoparticle-nanowire hybrids,
crossed nanowires, and nanowire dimers, where hotspots form
at junctions or crossover points, significantly improving SERS
sensitivity.”** %’ Despite these advancements, Ohmic losses in
metals lead to plasmonic signal decay, necessitating further
research to reduce propagation losses and enhance nanowire-
based plasmonic sensing.>®*?%°

4.1.3. Two-dimensional plasmonic nanostructures. Unlike
colloidal nanoparticles or one-dimensional nanostructures, 2D
plasmonic nanostructures typically refer to periodic arrays of
geometric structures (Fig. 27).>’° In the 2D realm, these nanos-
tructure arrays are fabricated on planar substrates. Typically,
coupling in a 2D array is confined to the horizontal direction,
with neighboring similar nanostructures allowing the coupling
of the same plasmonic modes.>”* Specifically, the collective
behavior of these plasmonic modes produces coherent optical
responses, resulting in stronger and narrower spectral features
compared to single nanostructures.>”> Additionally, the nano-
structures in 2D arrays offer more tunable dimensions, including
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Fig. 27 Schematic diagram of a typical two-dimensional plasmonic
nanostructure.

the size, shape, material, and periodicity of the structures,
providing great flexibility and tunability in plasmonic and optical
properties. By customizing the size and shape of these nano-
structures, plasmonic resonances can be excited across multiple
bands (visible, near-infrared, mid-infrared, terahertz).>”>>"”
Various nanostructure patterns, such as nanorods,%*”°
gaps,”®® nanopores,*®*"?*> nanodisks,****** nanorings,
and gratings,”®”*®® have been reported to produce tunable
plasmonic properties. The diverse designs of these nanostruc-
tures and their collective resonance behavior enable 2D arrays to
support different plasmonic resonance modes, such as LSPR,?%%%%
SPPs,*®® Fano resonances,”®>*??*%? plasmonic whispering-gallery
modes (WGM),>**?°* surface lattice resonances (SLR),>>>%” and
the effective epsilon-nearzero (ENZ) effect.******° Each plasmo-
nic mode exhibits characteristic optical properties, unique field
distributions, and distinct electromagnetic field amplitudes. By
leveraging these optical properties, various molecular sensing
applications can be achieved.

Graphene, a natural 2D material, possesses fascinating electro-
nic and optical properties.***=* In recent years, graphene-based
plasmonics has become a focal point in photonics research.>>%7
Given the practical carrier concentration in graphene, its plasmo-
nic frequency falls within the terahertz and infrared regions.>*="?
Compared to plasmons in noble metals, graphene plasmons
offer three attractive features. First, the atomic layer thickness of
graphene exhibits strong confinement of the light field, provid-
ing a new platform for plasmonics and sensitive biosensing
applications.***'*> Second, graphene’s high carrier mobility
suggests relatively low losses when used as a plasmonic
material.>*"*'® Third, graphene is a tunable material and its
plasmonic frequency can be easily tuned through electrostatic
gating or chemical doping.*'”*'® This tunability stems from the
strong dependence of graphene’s Dirac Fermi level on external
changes, making it highly useful for achieving active plasmonic
optics.*®” However, due to the significant momentum mismatch
between graphene plasmons and photons, graphene plasmons
cannot be directly excited by light.>*> A common method to
localized plasmons is to pattern graphene into
3197321 Given their sensitivity to the surrounding
environment, graphene plasmons are a highly promising plat-
form for molecular sensing. Furthermore, exploring the cou-
pling between graphene plasmons and molecular vibrations,**?

nano-
285,286

excite
nanostructures.
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as well as the coupling between graphene plasmons and pho-
non polaritons,**? is of great interest.

Metallic thin films are another type of 2D plasmonic structure.
Unlike LSPR supported by nanostructures and graphene, the
plasmons in metal films are referred to as SPPs. In metal films,
SPPs are surface electromagnetic waves that propagate along the
metal-dielectric interface.’*® Unlike LSPR, SPPs require a strict
momentum matching condition and cannot typically be directly
excited by incident light.*** The Kretschmann configuration is a
classic example of overcoming the momentum mismatch in metal
films.?*® By coupling a metal film to a high refractive index prism,
an evanescent field generated by attenuated total reflection is used
to excite plasmons. As long as the wavevectors match at a certain
incident angle, the prism enables the horizontal wavevector com-
ponent of the incident light to couple with the propagating SPP
wavevector. Currently, SPP modes are widely used in label-free
biomolecular sensing.*** SPP modes have unique advantages
over LSPR in sensing. For example, SPPs can propagate longer
distances along the metal surface, avoiding direct exposure of
high-energy lasers to the sample and thereby reducing sample
damage.*®” Additionally, SPPs have a greater skin depth com-
pared to LSPR modes.**® This characteristic allows SPP modes to
sense deeper environmental changes, making them suitable for
sensing applications that require the detection of thicker samples
or depth information. However, the hotspot intensity of SPP
modes is generally lower than that of LSPR, resulting in lower
sensing sensitivity. To enhance sensing sensitivity, researchers
have proposed coupling SPP with LSPR sensing strategies,’*®
such as patterning gold nanoparticle arrays or nanogratings on
gold films.>****! This approach can create localized hotspots and
enhance the near-field intensity in metal films, thereby improv-
ing the sensing performance and detection limits of SPPs.

4.1.4. Three-dimensional plasmonic nanostructures. 3D
plasmonic nanostructures unlock the vertical dimension in spatial
configurations (Fig. 28).>*> Specifically, in 3D nanostructure arrays,
patterns are fabricated on top of other patterns or films, with a
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Fig. 28 Schematic diagram of a typical three-dimensional plasmonic
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spacer layer in between. This allows 3D nanostructure arrays to
exhibit additional plasmonic resonance modes arising from both
horizontal and vertical coupling. Plasmonic coupling can also
occur between the nanostructure patterns in the top and bottom
layers. This coupling in 3D structures not only gives rise to new
plasmonic modes but also displays intriguing optical phenomena.
For instance, a metamaterial absorber based on a metal-insulator—
metal (MIM) configuration is a typical example of a 3D plasmonic
nanostructure.’*>**! In a metamaterial absorber, the bottom layer
is usually a metal reflector that blocks light transmission and
reflects incident light. The top metal layer typically consists of
various nanostructured antennas. By tuning the thickness of the
insulator and the morphology of the nanostructures, the effective
permittivity, permeability, and impedance of the metamaterial
absorber can be modulated. According to the impedance matching
principle, reflection can be minimized when the effective impe-
dance of the metamaterial absorber matches that of air. As the
transmission spectrum is zero, absorption in the metamaterial
absorber approaches unity under these conditions. Devices based
on impedance matching are also known as metamaterial perfect
absorbers.*** Due to their high absorption efficiency, metamaterial
perfect absorbers are used in fields such as structural color
generation,”*>*” optical sensing,***>** solar energy harvesting,**!
and photodetection.*”*™** Furthermore, according to Kirchhoffs
law, combining a metamaterial perfect absorber with a heater
can create a wavelength-customizable radiation source.**® This
radiation source, which features wavelength tunability, narrow
emission bandwidth, and angular independence, paves the way
for compact gas sensors and spectrometers.*****” From a cou-
pling perspective, the ratio of radiative to absorptive loss in a
metamaterial absorber is 1, a condition referred to as critical
coupling (CC).>® In the critical coupling regime, decreasing or
increasing the insulator thickness can push the metamaterial
absorber into undercoupled (UC) or overcoupled (OC) modes,
respectively.”***® When coupled with molecules, different cou-
pling modes result in two opposite effects: EIT and EIA.
Designing multilayer resonant absorbers is another strategy for
creating 3D plasmonic nanostructures.**® Cui et al. proposed a
conical metamaterial absorber structure composed of metal and
dielectric multilayers.**® This structure supports slow-light wave-
guide modes with weakly coupled resonances, mixing various
resonant frequencies to achieve broadband absorption. Slow light
is defined as light propagating at a group velocity much lower than
the speed of light in a vacuum. Initially, the incident light
propagates downward along the z-axis, then enters the metamater-
ial absorber in the form of energy flow vortices and moves upward
slowly. Shorter wavelengths are trapped at the narrower top
sections of the cone, while longer wavelengths are captured in
the wider bottom sections. The trapped wavelengths exhibit very
low reflectivity, resulting in broadband absorption by the multi-
layer absorber. As the multilayer structure can trap light within the
dielectric layers, changing the dielectric material allows the
exploration of plasmonic coupling with different materials. For
example, replacing the dielectric layer with materials that support
surface phonon modes, such as SiO, or hBN, can achieve coupling
between plasmons and phonon polaritons.*** > Coupling
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multiple modes can lead to new applications. For instance,
coupling between surface plasmons and phonon polaritons can
effectively address the issue of overlapping infrared vibrational
fingerprints.”” Combining a metamaterial absorber with graphene
can overcome the momentum mismatch between graphene plas-
mons and excitation sources.””® This approach can create a
graphene plasmonic resonator with high absorption, suitable for
ultra-sensitive molecular sensing.

Breaking the symmetry of nanostructured antennas can also
create novel optical properties. In MIM structures, breaking the in-
plane symmetry can create a quasi-bound state in the continuum
(quasi-BIC) with a high quality factor.>>* The in-plane asymmetry
parameters provide additional dimensions to control the system’s
radiative losses. By adjusting the asymmetry parameters and insu-
lator thickness, precise control over different gBIC coupling modes
(UC, CC, OC) can be achieved. Similarly, breaking the out-of-plane
symmetry offers a pathway to precisely control the ratio of radiative
to intrinsic losses. Plasmonic nanofins are a typical example of out-
of-plane symmetry breaking.>>> By breaking the out-of-plane sym-
metry of nanofins in parameter space, a high-quality quasi-BIC
mode can be realized under normal incidence. The radiation decay
rate and access to different coupling states (UC, CC, OC) can be
finely tuned by adjusting the triangular angle of the nanofins.
Controlling the coupling states is crucial for maximizing the sensing
performance of metasurfaces. Additionally, this spatial symmetry
breaking can also induce exceptional points (EPs) in non-Hermitian
systems.>*® EPs are singularities in complex frequency or wavevector
space where two or more eigenvalues and their corresponding
eigenstates coalesce at a specific point in parameter space.*” For
example, Park et al. achieved a plasmonic EP using a dual-layer
plasmonic coupling with detuned resonances.*®® Studies have
shown that plasmonic EPs exhibit high sensitivity when detecting
low-concentration analytes. Moreover, asymmetric structural
designs in parameter space can induce chiral optical responses,
known as chiral metamaterials. Chiral metamaterials can produce
unique optical phenomena such as CD and birefringence.****%
These differentiated responses arise from the chiral nature of their
internal structures, allowing chiral metamaterials to exhibit varying
refractive indices, absorption characteristics, and transmission
properties across different electromagnetic wavebands (e.g:, light
waves, microwaves). This selective response to polarized light holds
promising applications in photonics, information technology, and
biosensing.>*' %

4.1.5. Advanced manufacturing of plasmonic nanostructures.
The fabrication of plasmonic nanostructures can be categorized
into two approaches: top-down and bottom-up. The bottom-up
approach is a self-assembly method commonly used for creating
zero-dimensional and one-dimensional plasmonic nanostructures.
In recent years, DNA-based self-assembly techniques have made
significant advancements.*** These techniques leverage the prop-
erties of DNA molecules, where specific base sequences pair with
each other to spontaneously form complex nanostructures.*®>
DNA self-assembly offers unique advantages, such as achieving
unprecedented nanoscale precision through well-controlled
self-assembly processes. Additionally, this method allows for
the large-scale and even batch production of plasmonic
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nanostructures in a highly parallel manner. Beyond static
structures, DNA self-assembly can also be used to construct
dynamic systems, such as nanoscale devices that respond to
external stimuli like temperature, pH, or light.>*®® Besides
DNA self-assembly, other bottom-up methods, such as sponta-
neous nucleation and growth, solution-based self-assembly, and
chemical vapor deposition (CVD), also play important roles in the
fabrication of plasmonic nanostructures.***?”* Spontaneous
nucleation and growth processes utilize the natural growth
mechanisms of materials to form nanostructures with specific
morphologies. This method is commonly employed in the produc-
tion of nanocrystals, nanowires, and nanoparticles. Solution-based
self-assembly directs molecules or nanoparticles to spontaneously
form ordered structures by controlling solution conditions and is
often used to create polymers or nanoparticle arrays. Solution-
based self-assembly also offers a unique opportunity for the
fabrication of 3D plasmonic structures. In this regard, Kim et al.
developed a 3D plasmonic nanoparticle assembly method by
utilizing a femtoliter liquid meniscus to confine and guide func-
tionalized nanoparticles.*”> This work lays the foundation for the
freeform creation of 3D plasmonic structures. Furthermore,
researchers have demonstrated the applications of these 3D
plasmonic structures in photoluminescence enhancement and
femtomolar-level virus sensing. CVD enables the precise growth
of nanostructures through the decomposition and deposition of
vapor-phase precursors and is typically used to manufacture
nanomaterials like carbon nanotubes, graphene, and metal oxide
nanowires. Currently, DNA self-assembly and other bottom-up
methods have enabled the creation of a wide range of plasmonic
structures with varying degrees of structural complexity and
customized optical functions. However, bottom-up methods face
challenges in controlling the uniformity of nanogap sizes, which
can affect the reproducibility of biosensing applications.

In contrast, top-down methods primarily rely on lithography
techniques to fabricate large-scale, periodically arranged 2D and
3D plasmonic nanostructures. The advantage of top-down fabri-
cation techniques lies in their ability to produce nanostructures
with various geometries, ultra-fine features, high reproducibility,
and large-scale uniformity. Traditional cleanroom-based photo-
lithography (PL) is one of the most widely used and mature
manufacturing techniques in the semiconductor and microfab-
rication industries. However, its spatial resolution is limited by
the diffraction limit of light, making it challenging for conventional
photolithography to produce high-quality nanoscale dimensions
and gaps. To overcome this limitation, new lithography techniques
have emerged, such as electron beam lithography®”**”* and
nanoimprint lithography.>”> Electron beam lithography uses a
high-energy electron beam to directly pattern a resist, offering
extremely high resolution and precision, enabling the fabrica-
tion of nanoscale features. Nanoimprint lithography involves
imprinting a mold with nanoscale patterns onto a material,
allowing high-resolution pattern transfer without being con-
strained by the diffraction limit of light. Despite these advances,
controlling nanogaps below 5 nm and achieving atomic-level
surface roughness remains challenging for emerging lithogra-
phy techniques. Additionally, high fabrication costs and low
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throughput are also challenges associated with lithography
techniques. These factors significantly impact the performance
of plasmonic nanostructures, and therefore, further improving
resolution and surface precision remains a critical issue for top-
down techniques in practical applications.

4.2. Plasmon-enhanced sensing technologies

4.2.1 Refractive index sensing. Surface plasmons are one of
the effective ways to achieve high-sensitivity RI sensing due to the
high field localization of surface plasmons. The RI sensing tech-
nology based on surface plasmons has the characteristics of high
sensitivity, no need for calibration, real-time detection, non-
contact operation and no damage to the sample. Combining RI
sensors with appropriate biological and chemical technologies can
lead to applications in biomolecule, chemical and gas sensing
fields. For example, a thin film on a sensor is modified with a layer
of biorecognition molecules that interact with specific molecules.
When the sensor meets a specific sample, the molecules in the
sample will interact with the recognition molecules on the film
and bind to the film. Changes in the RI near the plasmon caused
by molecular attachment lead to changes in the resonance wave-
length, amplitude, or phase.>”® Therefore, the dynamic informa-
tion of biological/chemical molecular interactions can be obtained
based on the changes in signals, and the specificity, affinity, and
dynamic characteristic parameters of molecular interactions can
be analyzed from it. Here, there are two important parameters to
characterize the performance of RI sensors, namely sensitivity (Sg;)
and figure of merit (FoM). The sensitivity of the RI sensor is
described as follows:*”

SR] = Ai}/l (6)

where An is the change in RI and A/ is the frequency change
caused by the change in RI. FoM is the RI sensitivity normalized to
the width of the resonance curve, which is characterized by the full
width at half maximum (FWHM), describing how accurately the
sensor measures the resonance minimum. FoM is calculated as**®

N

FoM = FWHM (7)

Typically, higher sensitivity and larger FoM indicate better
performance of the refractive index sensor.

Plasmonic-based RI sensors are widely used in fields such as
biological sciences and medical diagnosis due to their ease of
use and low cost.>’® Compared with traditional biomedical
detection methods, such as enzyme-linked immunosorbent
assay (ELISA) and polymerase chain reaction (PCR), plasmonic
RI sensors have the characteristics of non-invasive, real-time,
label-free, and rapid detection of biomarkers. Prostate-specific
antigen (PSA), as a biomarker, is commonly used in cancer
diagnosis.>”® In healthy humans, the concentration range of
PSA is 4.0-10 ng mL ™", The risk of prostate cancer increases
when serum PSA concentrations are above 10 ng mL™*.3%
Therefore, quantification of PSA is crucial for early diagnosis
of prostate cancer. In 2018, Khan et al. proposed a gold
nanodisc array based on specific aptamer functionalization
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for the detection of PSA.>*' By customizing the size of the gold
nanodisk, the localized surface plasmon resonance was tuned to
occur at a wavelength of 646 nm. Aptamers are a class of single-
stranded DNA/RNA molecules that have relevance and specificity
for a wide range of analytes. The results showed that the DNA
aptamer-functionalized gold nanodisc array achieved a sensitivity
of 113 nm per RIU for PSA, with an LOD as low as 1.49 ng mL ™"
and a detection dynamic range of 1.7-20.4 ng mL .

In addition to protein tumor markers, plasmonic RI sensors
can also be used to detect tumor-derived exosomes.****** Exo-
somes are nanoscale extracellular vesicles (50-150 nm in diameter)
that are widely found in blood, urine, saliva and breast milk.**>%°
In biological organisms, exosomes can transport molecular con-
tents from original cells to target cells and promote communica-
tion between various cells.>***°! Recent studies have shown that
patients with malignant tumors have an abnormal increase in
exosomes.>*” Therefore, exosomes are also considered as potential
biomarkers in cancer diagnosis. However, the detection of exo-
somes usually requires extensive sample purification and labeling,
which poses challenges to the miniaturization and portability of
detection platforms.>*® To this end, Lm et al. proposed a nano-
plasmonic exosome (nPLEX) assay method for quantitative analy-
sis of exosomes.*** Periodic nanohole arrays are used to generate
strong surface plasmon resonances. The plasmon resonance
signal is shifted when exosomes bind to the nanopore. Quantita-
tive monitoring of exosomes is achieved by measuring the phase
difference or intensity change caused by the offset. By customizing
the array period, the electromagnetic field range overlaps with the
exosome size to further improve detection sensitivity. Subse-
quently, Lim et al. proposed the amplified plasmonic exosome
(APEX) technology to measure different populations of circulating
amyloid beta (AB) protein (exosome bound vs. unbound) directly
from blood (Fig. 29a).>> This technology utilizes localized optical
deposition and in situ enzymatic transformation of bilayer plas-
monic nanostructures to enable sensitive multiplex population
analysis. It exhibits excellent sensitivity (approximately 200 exo-
somes) and enables co-localization of different targets in exo-
somes. This technology can well reflect brain plaque burden and
is used in the clinical diagnosis of Alzheimer’s disease.

Plasmonic RI sensors can also be used for early diagnosis of
infectious diseases.®® In recent years, the global pandemic of
COVID-19 has posed a huge health threat to the world.*® This is
despite tremendous efforts in vaccination, prevention and
treatment.’" However, shortages of health care resources pose
huge challenges to low- and middle-income countries.*®* There-
fore, the development of rapid, reliable testing tools remains
critical to containing current and future outbreaks of SARS-CoV-
2 variants and reducing hospitalization and mortality in older
patients.**>*** To date, a variety of devices based on antigen and
antibody immunoassays have been studied for the detection of the
COVID-19 virus.**>**® Among them, plasmonic RI sensors have
received widespread attention due to their label-free and real-time
detection characteristics. Recently, some researchers have devel-
oped COVID-19 detection platforms based on plasmonic RI sen-
sing technology.*””*% For example, Funari et al. developed a gold
nanospike optical microfluidic sensing platform based on the
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principle of LSPR for detecting COVID-19 spike protein antibodies
in plasmon.*'® Due to biomolecule binding events (i.e., antigen—
antibody binding), the RI changes around the metal structure,
resulting in a red shift of the LSPR peak. Quantitative detection of
COVID-19 is achieved by monitoring the red shift of the LSPR
peak, with a detection limit of 0.5 pM for this sensing platform.
Furthermore, Li et al. developed a label-free plasmonic nanopore
sensor functionalized with monoclonal antibodies (mAbs)
and demonstrated its binding characteristics with 12 SARS-CoV-2
spike receptor-binding domain (RBD) variants (Fig. 29b).*® This
plasmonic nanopore exhibits four vibrational modes. The binding
kinetics between the 12 SARS-CoV-2 RBD variants and the
mAb-functionalized plasmonic nanopores were experimentally
recorded. The study shows that the fabricated plasmonic nano-
pores can effectively differentiate the SARS-CoV-2 Omicron BA.2
variant from other respiratory viruses. The detection limit is
significantly lower than that of mainstream commercial kits, and
it exhibits ultra-sensitive detection performance in both saliva and
serum samples. Not only that, plasmonic RI sensors are also used
for other virus detection.*™~***

Compact and cost-effective optical devices for highly sensi-
tive trace molecule detection are of great interest in many
applications. However, when the amount of attached species
is very small, highly sensitive and high-resolution spectro-
meters are required to record the tiny spectral shifts caused
by the analyte. Such spectrometers are often bulky, expensive,
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and complex, which hinders the application of metasurfaces in
molecular sensing and many other everyday detection scenarios.
Molecular detection based on spatial multiplexing imaging has
recently been developed to overcome the above difficulties.****'>
Due to structure-dependent light scattering properties, pro-
perly designed spatially varying nanostructures have position-
dependent reflectance or transmittance under narrowband light
illumination and therefore exhibit intensity patterns. Adsorption
or attachment of analyte molecules to the metasurface changes
the intensity pattern, and changes in the intensity pattern
can be captured by a camera.*”® This novel sensing method
greatly simplifies the measurement equipment and demon-
strates impressive sensitivity. Currently, pixelated metasurfaces
(discrete changes in the geometry of nanostructured building
blocks) and gradient metasurfaces (continuous changes in geo-
metry) have been demonstrated.**®*'® In addition, this method
can also be used for high-throughput parallel real-time spatial
and temporal monitoring of cellular exosomes in hundreds of
single cells. For example, Ansaryan et al. proposed a label-free
nanoplasmonic imaging system capable of spatiotemporally
mapping single-cell secretions in a microwell array format
(Fig. 29¢).*” Gold nanohole arrays are used to support plasmon
resonances. A complementary metal oxide camera is used to
record spectral changes in surface plasmon resonances caused by
analyte binding to receptors. The system can record intensity
images of a large area in real time and simultaneously monitor
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the morphology and movement of hundreds of single cells
through machine learning algorithms.

Optical fibers are also effective biosensing technology in
early medical diagnosis. Optical fiber technology is known to be
cost-effective, flexible, compact, immune to electromagnetic
interference, and suitable for remote operations.*'” However,
the relatively low sensitivity severely limits the applications of
optical fibers. LSPR in metal nanostructures has been proven in
many works to effectively enhance the evanescent field on the
surface of optical fibers, thereby improving the sensitivity of
optical fiber biosensors.*'***° Currently, plasmonic optical
microfiber biosensors have been demonstrated for single-
molecule detection of biomarkers or single-particle sensing
with a size of 48-500 nm.**"***> Subsequently, Huang et al.
developed a dual-amplification nanointerface based on plas-
monic coupling and conformational aptamer transition to
further extend optical fiber single-molecule detection to the
range of small molecules (such as dopamine (DA)) (Fig. 29d).>*®
Due to the dual amplification enhancement effect, the sensor
can detect single-molecule level DA molecules in biologically
complex samples such as cerebrospinal fluid, whole serum, and
artificial sweat, with detection limits of 1.30 am, 1.53 am, and
0.54 am, respectively. Furthermore, replacement by appropriate
aptamers allows the sensor to be used to detect other target
small molecules and ions at the single-molecule level.***"*>¢

4.2.2 Surface-enhanced infrared absorption spectroscopy.
Although RI sensors are characterized by ease of use and high
sensitivity, resonant frequency shifts cannot provide more informa-
tion, resulting in limitations in molecular recognition of RI sensors.
Infrared absorption spectroscopy is an effective alternative to RI
sensing. Infrared spectroscopy is a powerful analytical technique
that provides unique information about the composition and
dynamics of biochemical systems by resolving the characteristic
absorption fingerprints of their constituent molecules. Based on
this inherent chemical specificity and the ability for label-free, non-
invasive and realtime detection, infrared spectroscopy methods
have opened numerous breakthrough applications in areas such as
environmental monitoring and defense, chemical analysis and
medical diagnosis. However, there is a huge size mismatch between
nanoscale molecules and micron-scale infrared light wavelengths,
resulting in limited sensitivity when infrared spectroscopy is
used to detect low molecular absorption cross-sections.*?”"*>®
Nanoantennas with plasmonic enhancement can overcome this
limitation.***"**" This customized antenna structure can focus
the incident light to the hot spot of the electromagnetic field,
providing strong light-matter interaction, thereby detecting weak
absorption features. The phenomenon based on plasmonic-
enhanced molecular vibrations is also known as SEIRA spectro-
scopy. Enhancement factor (EF) is a key FOM used to quantify
SEIRA sensing performance, and its expression is as follows:

1 N,
EF — SEIRA ref 8)

I  Nsgra

where Isgrra is the enhanced absorption vibration after plasmon
coupling to the molecule and I,.¢ is the vibration intensity of the
pure molecule. Nggra is the effective number of molecules
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involved in SEIRA enhancement. Usually, Nggra mainly refers
to the number of molecules distributed at electromagnetic hot
spots. N;.r represents the number of molecules in the uncoupled
plasmon case.

In 1980, Hartstein et al. first discovered the SEIRA phenom-
enon through metal island films.* However, the randomness
and non-resonant enhancement mechanism of metal island
films lead to smaller EF (usually 10'~10%).>***> The emergence
of metasurfaces brings new opportunities for the development
of SEIRA technology.*****” The metasurface with a periodic
structure not only overcomes the difference in randomness of
the metal island film, but can also enhance its resonance by
customizing the structure. In recent years, with the rapid
development of micro-nano processing technology, various
attractive structures have been proposed and prepared, such
as asymmetric cross structures,>*>**® split resonant rings,**°
and fractal geometry.**>**' The diverse structures provide
unique opportunities to flexibly manipulate electromagnetic
waves and improve SEIRA performance. These diverse struc-
tures are mostly based on artificial design. However, due to
human beings’ limited ability to think in extra dimensions, the
structural design of metasurfaces tends to be simple geometric
figures.**” In addition, manual parameter optimization often
consumes a lot of time and human resources. The rise of
machine learning provides new solutions for reverse engineer-
ing metasurfaces.***™**” The introduction of machine learning
and other artificial intelligence technologies not only shortens
the design cycle of metasurfaces, but is also expected to unlock
new optical effects.**844°

Improving sensitivity is one of the important themes in
SEIRA technology. Extensive research has shown that maximum
SEIRA sensitivity is achieved when the plasmon resonance
frequency matches the molecular vibration frequency.****** In
addition, increasing the near-field intensity is also the main way
to improve SEIRA sensitivity.”>® A commonly used method to
improve near-field strength is to prepare small gaps, including
horizontal gaps*®°?°%%°% and vertical gaps.*”**®° For example,
Dong et al. prepared a plasmonic bowtie nanoantenna with a
horizontal gap of less than 3 nm,**®> and obtained a theoretical
SEIRA EF of 10”. Studies have shown that nanoscale gaps allow
the sensing platform to detect as few as 500 4-nitrophenol
molecules. On the vertical gap, using micro/nano flow channels
to deliver analytes close to the antenna is an effective solution.
However, as microfluidics decreases to nanometer scales, deli-
vering analyte molecules into these gaps (ie, hot spots)
becomes increasingly difficult, especially when the gap dimen-
sions are comparable to the typical dimensions of the mole-
cules. To this end, Miao et al. developed a patch-type SEIRA
sensor using liquid metal.**® This method uses liquid metal to
immobilize the analyte between a plasmonic nanoantenna and
the liquid metal. The height of the vertical nanogap here is close
to the thickness of the analyte, which can produce a huge field
enhancement, thereby significantly improving SEIRA sensitivity.

In addition to near-field enhancement, improving the spa-
tial overlap rate between molecules and near-field (hot spots) is
also critical to SEIRA sensitivity. However, part of the near-field

Chem. Soc. Rev,, 2025, 54, 5342-5432 | 5377


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00427b

Open Access Article. Published on 12 May 2025. Downloaded on 7/30/2025 8:59:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

enhancement of the nanoantenna will enter the dielectric layer,
preventing the molecules from fully overlapping with the hot
spots. To solve this problem, a method of etching the dielectric
layer to prepare nanopedestals was proposed.’®*™® This
approach exposes hot spots to free space to increase the spatial
overlap of molecules with the near field. Compared with
nanoantennas on substrates, the SEIRA sensitivity of nanope-
destals can be increased by 2.5-10 times.*®* In addition, the
passive capture of molecules by the nanopedestal further
enhances the sensitivity of SEIRA.*** Coating the surface of
plasmonic nanoantennas with molecule-enriched films or mod-
ifying probe molecules is another way to improve the spatial
overlap of molecules and hot spots. Molecular enrichment films
have proven effective for detecting discrete gas molecules.*®>™*"*
For example, Zhou et al. used ZIF-8 as a molecular enrichment
film to improve the detection sensitivity of gas molecules.*”?
Subsequently, Zhou et al. used metal-organic framework (MOF)/
polymer hybrid films to reduce the detection limit of CO, gas
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molecules to sub-ppm levels (Fig. 30a).*”* Probe molecules are
often used to specifically adsorb proteins, nucleic acids, and
lipids in a liquid environment.?”8-28%427:474-476 (jpnder the action
of probe molecules, SEIRA technology can achieve dynamic
detection of low-concentration biomolecules. Recently, new
methods for improving sensitivity have emerged, such as loss
optimization®**>”*”” and complex frequency wave synthesis.*”®

Improving bandwidth is another theme in SEIRA technology.
Broadband spectroscopy can collect more fingerprint information,
thereby enabling precise identification of molecules and finger-
print retrieval. Currently, a variety of structures have been devel-
oped for constructing broadband/multiband plasmon resonances,
including fractal geometry,*****"*%° self-similar structures,®"*5>
asymmetric structures,” gradient metasurfaces,*®**** and super-
cells.*® Placing multiple nanoantenna structures supporting dif-
ferent frequencies within a single unit cell is a common method to
achieve broadband/multiband.**® However, as the density of
antennas within the unit cell increases, the coupling between
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Fig. 30 SEIRA for molecular detection. (a) MOF/polymer-integrated multi-hotspot mid-infrared nanoantennas for sensitive detection of CO, gas. (I)
Schematic diagram of the sensing platform. () Schematic showing the capture of CO, gas molecules by the porous MOF-PEI hybrid film. (IIl) LOD of the
hybrid platform for CO, gas detection. Adapted with permission from ref. 473, Copyright 2022 Springer Nature. (b) Customized OC resonators for ultra-
broadband and ultra-sensitive molecular detection. (I) Calculated sensitivity of plasmonic nanoantennas based on coupled-mode theory. () Absorption
spectra and absorption difference spectra of plasmonic nanoantennas with different coupling modes after loading molecules. Adapted with permission
from ref. 479, Copyright 2024 Springer Nature. (c) Al-enhanced “photonic nose” for mid-infrared spectroscopic analysis of trace VOC mixtures. (I)
Schematic diagram and transmission spectrum of plasmonic nanoantennas. () Schematic diagram of the working mechanism of “Photonic Nose". (Il)
and (IV) Classification and regression models of machine learning. Adapted with permission from ref. 6, Copyright 2024 Wiley.
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adjacent antennas also gradually increases. Supercells are an
effective strategy to weaken the coupling of adjacent nano-
antennas.*®® The supercell is composed of 16 sub-unit cells, and
each sub-unit cell contains a hook-shaped nanoantenna. A broad-
band spectrum covering 6-9 pm is obtained by gradually changing
the size of the nanoantenna. Splicing discrete spectra into con-
tinuous spectra is also a strategy to achieve broadband.>>>*¥*% A
typical advantage of this strategy is to establish a one-to-one
mapping relationship between spectral information and spatial
positions, thereby achieving spectrometer-free detection. However,
this one-to-one mapping relationship results in a device with a
larger area. To obtain a broadband spectrum in a smaller foot-
print, Li et al. designed an OC metamaterial absorber based on
coupled mode theory.>*® This absorber has a broadband enhance-
ment effect, and its enhancement bandwidth covers 6-14 pm.
Benefiting from the broadband enhancement properties, Li et al.
used a single array to achieve fingerprint retrieval for 13 analytes
for the first time. Despite the large bandwidth of the OC metama-
terial absorber, its sensitivity is relatively low. To achieve both
broadband and high sensitivity in a metamaterial absorber, Li
et al. introduced a plasmon-molecule coupling channel into the
OC device (Fig. 30b).*”° The plasmon-molecule coupling channel
can be modulated by adjusting the gap between adjacent nanoan-
tennas. By reducing the gap between the nanoantennas, Li et al.
developed a device with both bandwidth and sensitivity surpassing
previous designs. Specifically, the sensitivity of the device reached
7.25% nm™ .

The introduction of machine learning has further promoted
the rapid development of SEIRA technology.?8129:348:485,490,491
For example, Kavungal et al. developed an immunoassay-coupled
nanoplasmonic infrared metasurface sensor for the specific
detection of proteins associated with neurodegenerative
diseases.*®® Aided by an artificial neural network, the sensor
achieves unprecedented quantitative predictions of mixtures of
oligomers and fibrin aggregates. SEIRA technology provides a
valuable toolkit for studying dynamic reactions between mole-
cules. However, infrared spectroscopy presents challenges in
separating overlapping vibrational modes. Zhou et al used
stacked infrared nanoantennas to excite the coupling modes of
localized surface plasmons and SPhP to solve the problem of
overlapping vibration modes.?” The research results have shown
that SPhP vibration in the Reststrahlen band is particularly
sensitive to molecular RI. Owing to the strong dependence of
SPhP on RI, combined with deep neural network algorithms, the
strongly overlapping molecular vibrations in biological reactions
are dynamically unraveled. In gas sensing, Xie et al. introduced
an artificial intelligence (AI}-enhanced “photonic nose” for trace-
level volatile organic compound (VOC) gas analysis in the mid-
infrared spectrum (Fig. 30c).® The MOF-coated plasmonic
nanoantenna is designed to target VOC molecular fingerprints,
achieving detection limits in the single-digit ppm range for
isopropyl alcohol, ethanol, and acetone. Given the overlapping
absorbance peaks among VOCs, deep learning models were
employed. A convolutional neural network (CNN) model classi-
fied 125 VOC mixtures with 100% accuracy. A multilayer percep-
tron (MLP) model then decomposed the spectra into pure
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components, enabling accurate concentration predictions within
an error of 10 ppm even in the presence of interferences.

4.2.3 Surface-enhanced Raman spectroscopy. Raman
spectroscopy is a complementary technique to infrared spectro-
scopy. Although Raman spectroscopy and infrared spectroscopy
both belong to molecular vibration spectroscopy, they are essen-
tially different. For example, the infrared spectrum is an absorp-
tion spectrum, while the Raman spectrum is a scattering
spectrum. Raman spectroscopy, as a form of inelastic scattering,
can be used to study the vibration and rotation modes of the
crystal lattice and molecules.****** When laser or monochro-
matic light shines on a sample, the molecules in the sample will
vibrate and scatter out photons of different frequencies after
interacting with the incident photons. Raman spectroscopy
records the frequency and intensity of scattered light. However,
spontaneous Raman scattering is very weak, and the intense
Rayleigh scattering often overwhelms the Raman signal, making
it difficult to extract and resulting in low detection sensitivity.
Raman signal intensity can be significantly enhanced through
SERS.*%>%¢ SERS utilizes the electromagnetic enhancement

1497 {498,499 (e Loo-

effec and the chemical enhancement effec
structures on the surface to improve the scattering signal of the
sample. This enhancement effect is usually achieved by deposit-
ing nanoparticles on a surface such as metal or silver, forming
the so-called “SERS substrate”. SERS has the advantage of
enabling rapid, non-invasive in situ detection of target molecules.

The formula used to calculate SERS intensity is

E(wexl)E(wdet)

I >~ [yl —m—m—
SERS = 0 By (0ext) Eo (0t

©)
where E and E, are the electric field strengths before and after
plasmonic coupling with molecules respectively. ey and wqe are
the excitation and detection frequencies respectively. Therefore,
the EF of the Raman spectrum is

EFsprs = EF(@est) EF(0ger) (10)
SERS has received increasing attention in recent years due to its
ultra-high sensitivity and selectivity in detecting extremely low
concentrations of molecules. Currently, the development of SERS
theory, SERS substrates, and related instruments has promoted its
diverse applications in biomedical detection, nanomaterial char-
acterization, food science, and environmental analysis.*>>%>!
Surfaces and interfaces play crucial roles in many disciplines,
including heterogeneous catalysis, electrochemistry, and photo-
(electro)chemistry.>** To fully understand surface and interfacial
processes, it is necessary to obtain molecular-level information
from surfaces and surface-interacting molecules. The SERS
method is a powerful technique for studying surfaces and
interfaces due to its ultrahigh surface sensitivity.”*> For exam-
ple, Yu et al. developed a depth-sensitive plasmon-enhanced
Raman spectroscopy method to detect the nanostructure and
chemical properties of the solid electrolyte interface (SEI) on
lithium anodes.”® Dynamic molecular-level information pro-
vided by plasmon-enhanced Raman spectroscopy reveals the
formation and evolution of the SEI in lithium metal batteries.
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The research results are of great significance to further guide the SEI
design of lithium metal batteries and improve SEI performance.
With its high spatial resolution and ultra-small nanogaps, SERS can
also be used for nanoscale chemical analysis of heterogeneous
surfaces and to study single molecule optomechanics.>*> %’

The rich fingerprint vibration information obtained based
on SERS provides a unique opportunity to develop photonic
noses and photonic tongues. Inspired by the nose, Kim et al
proposed a SERS functionalized array to realize a powerful
artificial nose sensing platform.>*® Eight SERS substrates were
modified with differently functionalized SAMs. Multiple functio-
nalized SERS substrates can embrace complex spectral informa-
tion, thereby greatly improving the accuracy of biological sample
identification in the absence of target-specific binding receptors.
Based on a similar sensing strategy, Leong et al. demonstrated a
SERS-based breath analyzer for rapid and non-invasive screening
of individuals for COVID-19, achieving 96.2% sensitivity and
99.9% specificity. Due to the advantage that SERS technology can
work in a liquid-phase environment, it also provides opportu-
nities for the development of photonic tongues. Ling and
colleagues proposed a SERS taster for multiplex analysis of wine
flavor.”® The taster captures chemical functionality within flavor
molecules by employing many non-covalently interacting recep-
tors. Ling et al. constructed comprehensive “SERS superprofiles”
by combining the SERS spectra of all receptor flavors for
predictive analytics using chemometrics.
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There is great potential to conduct biomolecular testing
directly at the point of care in a non-invasive manner.>'® However,
there is a mismatch between traditional rigid SERS sensors and
soft elastic organisms, which greatly limits their application in the
wearable field. In this context, the development of flexible wear-
able SERS substrates has attracted great interest. In a recent
example, Wang et al. proposed a wearable plasmonic metasur-
face sensor for non-invasive universal molecular fingerprint
detection at biological interfaces (Fig. 31a).”"* This integrated
platform is achieved by integrating a flexible SERS-active plas-
monic metasurface as a key sensing component and a flexible
electronic system capable of automatically extracting sweat and
analytes from the body. Since each molecule has a unique SERS
spectrum, the sensor can “fingerprint” targets extracted from
sweat. Subsequently, Mogera et al. demonstrated a wearable
microfluidic system based on plasmonic paper for continuous
and simultaneous quantitative analysis of sweat loss, sweat rate,
and metabolites in sweat.”’> An integrated flexible plasmonic
wearable sensor is capable of sensitive detection and quantifica-
tion of uric acid in sweat at concentrations as low as 1 uM. In
the future, integrated flexible SERS sensors will show great
potential in human health assessment, personalized diagnosis
and treatment, and drug delivery.>"?

In addition to human health monitoring, SERS technology
can also be used for plant health monitoring.”"**'® Monitoring
plant health can increase plant productivity, optimize resource
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allocation of water and agrochemicals, and select optimal plant
traits. Under stress conditions, plants release endogenous
chemicals that trigger their defense mechanisms. Therefore,
monitoring these endogenous signals can serve as a reliable
indicator of plant health. Common endogenous signals encom-
pass salicylic acid (SA), extracellular adenosine triphosphate
(eATP), phytoalexins, and glutathione. Several studies have
utilized SERS probes for detecting endogenous biomolecules
or pathogens in plant extracts or isolated leaves.>"”~**° Notably,
a recent study by Son et al. presented an innovative approach
for non-destructive detection of signaling molecules within
living plants (Fig. 31b).>"* They introduced SERS nanoprobes
into the intercellular space to monitor the transport of signaling
molecules in the apoplast. These SERS nanoprobe applications
successfully identified SA, eATP, cruciferous phytoalexins, and
glutathione in nasturtium, common wheat, and barley under
various stressors, both biotic and abiotic. Furthermore, SERS
technology has found utility in detecting pesticide residues,*>">*>
banned food additives,”***** and mycotoxins in agricultural
products.>®>*¢ This multifaceted application of SERS under-
scores its potential as a versatile tool in agricultural monitoring
and management.

4.2.4 Surface plasmon-enhanced chiral spectroscopy. Chiral
molecules are those molecules that cannot perfectly coincide with
their mirror image through rotation or translation. Therefore, they
exist in two non-overlapping structures, also known as enantiomers.
Chirality, as a basic attribute in nature, widely exists in nature and
biomolecules. For example, there are two enantiomers of the
amino acids and nucleic acids that make up proteins. Left and
right hands are often used to distinguish chiral molecules.
Although the elements and functional groups that make up
chiral molecules are the same, their chemical properties can be
quite different. Therefore, the study of chirality is very impor-
tant, especially in the fields of drugs and pesticides. Often the
other enantiomer of a drug or pesticide exhibits useless or
harmful effects. Therefore, sensing and distinguishing chiral
forms is of vital importance in the fields of analytical chemistry,
biomedicine, pharmaceutical industry, and toxicology. Currently,
optical rotational dispersion (ORD) and CD spectroscopy are the
commonly used methods to detect molecular chirality.>*”>*°

However, the intramolecular CD signal intensity is very small,
usually around the 107> level. To address this limitation, lever-
aging chiral plasmonic structures has emerged as a promising
solution.”*® In 2010, Kadodwala and colleagues pioneered the
utilization of plasmonic planar chiral metamaterials for detecting
chirality across various proteins (Fig. 32a).>*' Their method capi-
talizes on metallic gamma ion arrays on substrates, which can
exist in left- or right-handed configurations. Each type of array
converts incident linearly polarized light into elliptically polar-
ized light with consistent chirality. Upon biomolecule adsorp-
tion, these metal gamma ion arrays induce resonance shifts due
to the high sensitivity of surface plasmon modes to the refrac-
tive index of their surroundings. Notably, the refractive index of
chiral molecules differs under left-handed and right-handed
circularly polarized light, potentially leading to distinct reso-
nance shifts in the plasmon. Thus, detecting chiral molecules
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involves measuring disparities in resonance shifts. Studies
indicate that plasmons can enhance chiral sensitivity by up to
six orders of magnitude compared to conventional CD measure-
ments. Subsequently, the same research group introduced
a shuriken-shaped metasurface, which facilitated the detection
of viruses,”? antibodies,>** and peptide molecules.>** This
advancement leveraged enhanced chiral asymmetry and sub-
wavelength spatial localization, further broadening the scope of
chiral molecule detection in diverse applications.

Currently, commonly used CD spectra are situated in the UV,
visible, and near-infrared regions, primarily because the stronger
CD signals of molecules are found at shorter wavelengths. How-
ever, CD signals at these wavelengths often fail to provide detailed
information about the chemical structure of the molecule, which
limits their utility in distinguishing various types of chiral mole-
cules within mixtures. In recent years, there has been a push to
extend the CD spectrum into the mid-infrared region to acquire
vibrational circular dichroism (VCD).”*” Unlike CD spectra, VCD
offers more comprehensive molecular structure information by
exploiting vibrational transitions of chiral molecules. Nonetheless,
the longer wavelength VCD signal is typically 2 to 3 orders of
magnitude smaller in intensity than the CD signal.>****° Plasmo-
nic systems present a potential avenue for enhancing VCD signals.
For instance, Chanda’s team utilized an achiral plasmonic system
to boost VCD detection sensitivity by 4 orders of magnitude.>*’
More recently, the same team significantly enhanced the detection
sensitivity of chiral molecules by fine-tuning an achiral plasmon
system. Experimental findings illustrate that compared to tradi-
tional VCD spectroscopy technology, the plasmon system can
elevate the detection sensitivity of chiral molecules by up to 13
orders of magnitude.**" While numerous research efforts have
demonstrated that chiral structures can amplify VCD signals, the
underlying mechanism remains unclear. Addressing this, Xu et al.
embarked on a study beginning with the fundamental relationship
between planar chiral metamaterials and chiral response
(Fig. 32b).>*> They theoretically hypothesized that near-field cou-
pling strength might be a pivotal factor in far-field CD. To test this
hypothesis, Xu et al. devised a selective exposure method to cover
the nanogap of the fourresonance metamaterial, probing the
correlation between the near-field coupling coefficient and
the farfield CD response. Experimental results ascertain that
enhanced chiral near-field plays a pivotal role in amplifying
molecular signals. This critical finding paves the way for achieving
ultra-small volume and labelfree detection of chiral molecules.
Given that the VCD spectrum contains information pertaining to
the vibration of chiral molecules, it offers the feasibility of
distinguishing the identity and chirality of enantiomers. Lever-
aging this characteristic, Xu et al. proposed an enhanced VCD
sensing platform based on plasmonic chiral metamaterials for
discerning the secondary structures of different proteins
(Fig. 32¢).>*® In this endeavor, Xu and colleagues demonstrate,
for the first time, the potential of utilizing surface-enhanced
VCD to detect chiral mixtures, thereby broadening the scope of
VCD spectroscopy.

In recent years, Raman optical activity (ROA) has emerged as
another valuable chiral spectroscopy technique.’** One of its
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primary advantages lies in its capability to analyze water dis-
persion samples, which may be too absorbent for VCD.>*?
However, conventional ROA also faces the challenge of low
signal intensity. Addressing these inherent limitations of
ROA can be achieved through surface plasmon enhancement
techniques. In 1983, Efrima first proposed the feasibility of
surface-enhanced ROA spectroscopy in the literature.>** Subse-
quently, Efrima introduced a theoretical treatment method for
surface-enhanced ROA.>*®> Building upon this theoretical

5382 | Chem. Soc. Rev., 2025, 54, 5342-5432

foundation, Janesko and colleagues put forward an electromagnetic
enhancement model tailored for surface-enhanced ROA spectra.>*®
This model offers a concise framework that integrates the funda-
mental equations for unenhanced ROA with modifications to the
molecular response tensor induced by substrate’s electromagnetic
enhancement. Presently, this model stands as the most widely
adopted theoretical formulation in surface-enhanced ROA. On the
experimental front, Sun and colleagues developed advanced opti-
cal technologies to detect ROA signals of molecular structures.>*”
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They augmented Raman signal intensity by utilizing silver chiral
nanowires as plasmonic waveguides. This technique allows for the
differentiation of Raman spectra excited by left- and right-handed
circularly polarized light, facilitating the determination of sample
chirality and conformation. Additionally, Ostovar and his team
uncovered a novel chiral transfer mechanism to enable surface-
enhanced ROA.>*® This mechanism stems from the breaking of
inversion symmetry in achiral nanoparticles when interacting with
nearby chiral molecules, subsequently altering the symmetry of the
excitation fields of left-handed circular polarization (LCP) and
right-handed circular polarization (RCP). Such alterations in cir-
cularly polarized light symmetry result in asymmetric absorption
in achiral probes, detectable through Raman spectroscopy.

The prospect of extending CD spectroscopy into the terahertz
range is intriguing due to the ability of THz spectroscopy to
capture both vibrational and rotational information of biological
macromolecules. This has spurred considerable interest in realiz-
ing terahertz circular dichroism (TCD).”** However, the absence
of polarization modulation in terahertz radiation has hindered
the widespread adoption of TCD. Recently, the use of nonlinear
metasurfaces to generate terahertz waves with different circular
polarizations has presented new opportunities for achieving
TCD. For instance, Choi et al. employed periodic kirigami cutting
to transform plasmonic sheets into tunable optical elements,
enabling polarization modulation of THz radiation.’ The her-
ringbone pattern of microscopic metal strips facilitated a
dynamic polarization rotation modulation range of over 80°
across thousands of cycles. The advent of polarization modula-
tors has paved the way for realizing TCD spectra. Subsequently,
McDonnell and colleagues introduced a broadband terahertz
emitter based on the Pancharatnam-Berry phase nonlinear
metasurface, which exhibits unique optical functionalities.>"
Through the Pancharatnam-Berry phase nonlinear metasurface,
both the polarization and phase of the terahertz wave can be
precisely controlled. McDonnell et al. further showcased the
application of PB-phase nonlinear metasurface emitters in TCD
spectroscopy. TCD spectroscopy offers a distinctive tool for
detecting chiral phonons in various biomolecule crystals.>*?
The identification of chiral phonons not only facilitates a deeper
understanding of biochemical processes but also unlocks new
avenues for medical applications of terahertz photonics.>”?

4.2.5 Surface-enhanced fluorescence spectroscopy. Fluores-
cence detection has been widely used in life sciences and medical
diagnostics due to its low detection limit and diverse fluorophore
selection, which enables simultaneous measurement of multiple
biomarkers. However, a key challenge limiting fluorescence
detection is that the fluorescence signal can be weak at low
analyte concentrations. To address this problem, complex, expen-
sive, and bulky instrumentation is often required to maintain
high detection sensitivity. For disease diagnosis, bulky instru-
ments and large footprints often hinder their application in
resource-limited settings. Recently, plasmonic metal-based
nanostructures have provided a simple solution for significantly
enhancing the optical properties of fluorophores. Metal nano-
particles generate plasmon resonance under the irradiation of
incident light and form surface plasmons at the metal-dielectric
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interface. The formation of surface plasmons leads to an
enhancement of the local electromagnetic field, which in turn
increases the excitation rate of the fluorophore. Furthermore,
the emission of the fluorophore is also enhanced due to the
increased local density of states, which results in a higher
probability of transition from the excited energy state to the
ground energy state. Therefore, by placing fluorophores near
conductive metal surfaces or particles, an increase in quantum
yield and a decrease in fluorescence lifetime can be achieved.
This phenomenon is called the SEF effect.**>>*

SEF spectroscopy stands out as a remarkable tool offering
ultra-high sensitivity for detection and imaging down to the
single-molecule level. In the 1960s, Drexhage and colleagues made
the initial observation that the decay time of molecular fluores-
cence correlates with the distance between the excited molecule
and the metal film.>*> Subsequently, extensive research on this
phenomenon has been conducted by groups led by Lakowicz and
Geddes.*****" Early implementations of SEF commonly utilized
rough silver island films as substrates.>**** In recent years, with
advancements in nanoparticle synthesis technology, noble metal
nanoparticles with diverse morphologies have gained prominence
as SEF substrates.”®*>®® In 2006, Kiihn et al demonstrated a
notable advancement by employing scanning probe technology
to couple a single molecule to a single spherical gold nanoparticle
functioning as a nanoantenna, resulting in a fluorescence
enhancement of over 20 times.”® Nonetheless, gold nanospheres
lack preferential dipole directions, and the probe does not support
any resonant coupling modes, leading to limited fluorescence
enhancement effects.””® To address this limitation, the utilization
of nanoshells, nanorods, nanopores, and nanobowties has been
proposed to enhance local fluorescence.””' "> Notably, Kinkhab-
wala and colleagues utilized electron beam lithography to fabricate
gold bowties reduced to 14 nm (Fig. 33a).””* The nanogap in these
structures provides substantial field enhancement, achieving an
impressive fluorescence enhancement of up to 1340-fold. This
groundbreaking work significantly advances the application of SEF
in small molecule detection, heralding new possibilities in
the field.

Single molecule detection represents a pivotal application area
within the realm of SEF spectroscopy.”’*>* In 2007, Lakowicz
et al. achieved a significant milestone by detecting the fluorescence
signal of rhodamine on a silver island membrane substrate.>®*
Fluorescence emission from rhodamine increased 7-fold and the
fluorescence lifetime was shortened using silver island films as
substrates. Subsequently, Orrit et al. employed wet chemistry to
synthesize a large quantity of AuNRs, providing fluorescence
enhancement comparable to photolithographic components.®”>
Experimental findings revealed that AuNRs yielded over 1000-
fold fluorescence enhancement for nearby crystal violet mole-
cules, with a quantum yield of 2%. More recently, there have been
reports employing SEF to detect antibiotic molecules.’®>">%¢
Beyond single molecule detection, there’s significant interest in
utilizing SEF to monitor reactions involving individual
molecules.”® The study of single-molecule reactions serves to
deepen our understanding of chemical processes.’*®>*° For
instance, Li et al. utilized a plasmonic nanocavity substrate to
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Fig. 33 SEF spectroscopy for molecular detection. (a) Large single-molecule fluorescence enhancements produced by a bowtie nanoantenna. (I)
Scanning electron microscopy (SEM) image of a gold bowtie nanoantenna. (l1) Finite-difference time-domain calculation of local intensity enhancement.
(1) Scatter plot of fluorescence brightness enhancement of 129 fluorescent molecules as a function of bowtie gap size. Adapted with permission from
ref. 571, Copyright 2009 Springer Nature. (b) Real-time detection of single-molecule reaction by plasmon-enhanced spectroscopy. () Schematic
diagram of plasmon-enhanced single-molecule spectroscopy. (II) Simulation of the electric field distribution. (Ill) The characteristic emission intensity
trace of a single rhodamine B isothiocyanate molecule, exhibiting blinking behavior and single-step photobleaching events. Adapted with permission
from ref. 576, Copyright 2020 AAAS. (c) Light-enhancing plasmonic-nanopore biosensor for DNA detection. (I) Schematic diagram of the plasmonic
nanopore device. (Il) Detection signal of the non-plasmonic device. (lll) Detection signal of the plasmonic nanopore device. Adapted with permission

from ref. 577, Copyright 2016 Wiley.

enhance the fluorescence and Raman signals of single molecules
(Fig. 33b).>”® Conformational transitions and removal of the
carboxyphenyl group within the molecule induced shifts in the
fluorescence emission band. Raman signals were utilized to
identify reaction intermediates and unveil underlying reaction
mechanisms. By correlating fluorescence spectra with Raman
signatures, Li et al. achieved real-time monitoring of the light-
induced cleavage reaction of individual rhodamine B isothiocya-
nate molecules.

Nucleic acids, such as DNA, are among the most important
molecules in living organisms, as they carry and transmit genetic
information that determines biological traits.>*® Therefore, accu-
rate detection of nucleic acid molecules is crucial. Plasmonic
nanopores have become one of the key tools for nucleic acid
detection.”®* There are two main advantages to using plasmonic
nanopores for nucleic acid detection. First, the potential gradient
near the nanopore actively guides the nucleic acid molecules into
the pore region.”® Compared to passive diffusion, this active
transport enables single-molecule detection even at low concentra-
tions. Second, the typical nanopore diameter is designed to be
slightly larger than the cross-section of the nucleic acid molecule,
which restricts the movement of the molecule to a single
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dimension while ensuring continuous occupation of the sensing
volume.*' This restriction allows for single-molecule detection
across a wide range of concentrations by increasing the residence
time of the molecule. Additionally, as nucleic acid molecules pass
through the nanopore, their polymer chains can be linearized,
enabling continuous observation of submolecular sequences. For
example, Assad et al. proposed a plasmon nanopore-based device
for detecting individual DNA molecules (Fig. 33c).>”” In this device,
a SiNx membrane faces the analyte source and the nanopore acts
as a physical gate. This approach allows only one molecule to
enter the nanopore at a time, reducing background noise. To
characterize the sensing properties of the plasmonic nanopore,
Assad et al. covalently labeled a 5 kbp double-stranded DNA
with the fluorophore CF640R. Each DNA molecule contained
seven fluorophores and was introduced into the cis chamber at a
relatively low concentration of 0.1 nM or less. The study showed
that the peak fluorescence intensity increased more than
tenfold as the DNA molecule passed through the plasmonic
nanopore compared to non-plasmonic devices.

Detection of amino acids and proteins using SEF holds
significant promise, especially considering the crucial role
amino acids play as the fundamental building blocks of various
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proteins in the human body. Such detection aids in early risk
assessment of chronic and malignant diseases. Lakowicz
et al. proposed a fluorescence-enhancing substrate based on
aluminum nanoparticles for label-free detection of amino acid
molecules.’® Their work demonstrated a remarkable 3500-fold
fluorescence enhancement when the fluorophores were oriented
perpendicular to the aluminum surface. Additionally, Lakowicz
et al. showcased the fluorescence enhancement of tryptophan
and tyrosine by aluminum nanoparticles. The pioneering work by
Geddes and colleagues marked the first instance of protein
detection using SEF.>® Since then, SEF has been employed to
detect various protein molecules, including erythrin, algal pro-
teins, and recombinant proteins. In recent years, the utilization
of aptamer sensors has gained popularity. Aptamers, functional
single-stranded DNA or RNA molecules (10-100 nucleotides),
offer unique sensitivity and specificity in binding to a variety of
target molecules, such as small molecules, viruses, proteins,
peptides, and even cells. Chen et al. proposed a novel fluorescent
polarization aptasensor based on bivalent aptamers and silver
nanoparticles for lactoferrin detection.’®* The bivalent aptamer
was engineered to attach to the signaling molecule fluorescein
isothiocyanate and the enhancer silver nanoparticles. By incor-
porating second-order aptamers, the distance between silver
nanoparticles and fluorescent dyes could be minimized. Experi-
mental results demonstrated that the detection sensitivity of this
sensor is approximately 3 orders of magnitude higher than that
of traditional aptamer-based homogeneous detection, with a
detection limit of 1.25 pM. These advancements in SEF-based
detection methods hold immense potential for early disease
diagnosis and biomedical research, offering enhanced sensitivity
and specificity in detecting amino acids and proteins.

The utilization of SEF for detecting bacteria and viruses is of
utmost importance, especially in the context of public health and
disease management. The pioneering work in SEF-based bacter-
ial detection was conducted by the Lakhtakia team.’®® They
employed porous metal-engraved films comprising silver, alumi-
num, gold, and copper as substrates to detect E. coli in water.
Experimental findings revealed that the device exhibited approxi-
mately 20 times fluorescence enhancement compared to tradi-
tional glass substrates. Subsequently, Huang et al also
contributed to the detection of E. coli using SEF.>*® They utilized
mixed thiol SAMs of PEG-thiol and COOH-thiol modified gold
surfaces as substrates and leveraged long-range surface plasmons
to enhance fluorescence spectroscopy. Their experimental results
indicated a detection limit below 10 CFU ml ™', with analyte
concentrations ranging from 10 to 10° CFU ml™ . In recent years,
with the emergence of the global COVID-19 pandemic, the
urgency for various sensing methods to facilitate virus detection
has become paramount. Addressing this need, Hu et al
employed nanostructured plasmonic gold chips for multiplex
assessment of antibodies against various virus variants.>®’
Experimental results demonstrated that the detection limit of
these chips was as low as 20 fM, more than two orders of
magnitude lower than that of glass substrates. Subsequently,
Zhu et al. introduced an in-frame gold particle nanostructure for
direct assessment of the SARS-CoV-2 nucleocapsid protein.**®
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By integrating gold nanostructures with a microplate reader, the
sensor achieved a sensitivity of 44 fg mL™" in just 3 minutes. To
further enhance analytical sensitivity, Zhu et al. employed single-
molecule counting technology, achieving a detection limit as low as
0.84 ag mL™". These advancements highlight the potential of SEF-
based techniques in achieving rapid and sensitive detection of
bacteria and viruses, thus playing a crucial role in disease surveil-
lance and management efforts.

4.2.6 Nanospectroscopy via plasmon-induced resonant
energy transfer. PIRET-based enhanced spectroscopy plays a vital
role in molecular sensing. PIRET occurs through electromagnetic
coupling between plasmonic nanostructures and acceptor mole-
cules, enabling direct resonant energy transfer.>*® For instance, Liu
et al. immobilized cytochrome ¢ on a single plasmonic nanopar-
ticle and observed quantized plasmon quenching in the resonance
Rayleigh scattering spectrum.®® Notably, the efficiency of PIRET
depends on the degree of spectral overlap—the better the overlap,
the higher the PIRET efficiency and the stronger the plasmonic
quenching. Subsequently, Choi et al utilized PIRET between
conjugated metal-ligand complexes and a single gold plasmonic
probe to achieve Cu®* detection at concentrations as low as
1 nM.*®" By functionalizing gold nanoparticles with different
ligands, this approach can be extended to the detection of other
metal ions.

Beyond nanospectroscopy, PIRET also plays a significant role in
molecular imaging. While fluorescence imaging has demonstrated
exceptional performance in biological applications, it lacks
chemical fingerprint information. Moreover, the broad absorption
and emission spectra of organic fluorophores, along with their
susceptibility to photobleaching and blinking effects, limit their
effectiveness in long-term imaging and multiplexing.*® In con-
trast, plasmonic nanoparticles based on PIRET offer a promising
solution for hyperspectral imaging.®®® For example, Kim et al
developed a PIRET-based metasurface-driven multiplexed
nanospectroscopy platform for real-time monitoring of multiple
biomolecules within live cells.®® Compared to traditional
fluorescence and chemiluminescence methods, this platform
leverages the stability of molecular absorption signals to over-
come the constraints of photobleaching and complex prepro-
cessing. The metasurface in their study was composed of
aggregated aluminum nanodisks, which selectively modulated
the scattering spectrum across the entire visible range, enabling
simultaneous detection of different biomolecules. When the
scattering peak of the metasurface matched the absorption
frequency of a specific biomolecule, strong PIRET occurred,
leading to quenching in the scattering spectrum. This approach
facilitated high-spatial-resolution molecular imaging, advan-
cing molecular sensing technologies.

4.3. Multi-effect fusion for molecular detection

4.3.1 Electrically tunable plasmons for molecular detec-
tion. The generation and maintenance of plasmons in metal
nanostructures typically depend on their geometric shape,
composition, and surrounding environment. However, once a
metal substrate is fabricated and a specific geometric shape is
obtained, the plasmon frequency of the metal is essentially
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“locked”, meaning it lacks external tunability. This limitation
is particularly pronounced when trying to exploit multiple
vibrational modes of molecules (e.g., for identification) across a
broad spectral range, thus restricting their practical application in
SEIRA. In contrast, tunable plasmons offer greater flexibility in
molecular sensing. The nanostructures used to build plasmons
exhibit an open architecture in subwavelength unit cells, which
facilitates the integration of materials. Therefore, incorporating
functional materials such as liquid crystals,**>°°° phase-change
materials,’*”°*®* or quantum materials enables tunable
plasmons, showcasing their extensive applications in
molecular sensing.

Graphene, a single-atom-thick planar material, has unique
electronic and optical properties. Importantly, the carrier den-
sity (i.e., Fermi level) of graphene can be adjusted through
electrostatic gating or chemical doping, allowing precise tuning
of plasmonic resonances. By patterning graphene into nano-
ribbons, electromagnetic waves propagating in free space can
directly couple to graphene and generate local plasmons. These
local plasmons can significantly enhance light-matter interac-
tions, thereby markedly increasing molecular absorption of
infrared vibrational modes. Li et al. were the first to demon-
strate the application of graphene nanoribbons in enhancing
polymer film vibrational sensing.*'* Rodrigo et al. dynamically
controlled the Fermi level of graphene nanoribbons by applying
a bias voltage, achieving dynamic tuning of graphene plasmonic
resonances.>'® The results showed that electrically tunable gra-
phene could enable a single device to perform SEIRA sensing
across a wide spectral range, thus enhancing the detection of
specific vibrational fingerprints. Using the same approach, Hu
et al. designed a graphene plasmonic structure for sub-monolayer
molecular detection (Fig. 34a).°™* In their work, the graphene
plasmonic structure was fabricated on a CaF, substrate to

609,610

Enhancement

o
400 300 200 100 O
Witode=Viesl(em™"

View Article Online

Review Article

eliminate the strong plasmon-phonon hybridization in the tradi-
tional graphene plasmonic structure. Using far-field Fourier
transform infrared spectroscopy, the graphene plasmonic can
achieve a highly selective average enhancement of up to 20 times.
Subsequently, the same research group successively designed a
graphene plasmonic structure for protein detection in gas and
aqueous solutions.***°"

Combining graphene with metal nanostructures also allows
for the tuning of plasmonic resonance frequencies. Compared
to traditional designs consisting only of metal nanostructures,
the introduction of graphene enables easy tuning of plasmonic
resonance frequencies by altering the Fermi level. Compared to
plasmonic structures made solely of graphene nanoribbons,
metal nanostructures provide stronger light-matter interactions,
thereby enhancing the SEIRA effect. Chen et al. theoretically
designed a broadband hybrid graphene metamaterial absorber
that combines the high absorbance of metal plasmons with the
electrically tunable properties of graphene, useful for molecular
fingerprint retrieval (Fig. 34b).®"® Chen et al. optimized the
sensing sensitivity of the metamaterial absorber through loss
engineering. By integrating the metamaterial absorber with
graphene and adjusting the Fermi level of graphene, they
achieved linear modulation of the absorber’s resonance fre-
quency within the mid-infrared range. Incorporating pixelated
design concepts, this hybrid resonator can serve as a potential
SEIRA platform for multi-fingerprint molecular detection, quan-
titative analysis, and chemical identification. Experimentally, Li
et al. designed a mid-infrared hybrid graphene metasurface
biosensor for simultaneous quantitative detection and molecular
identification of proteins.®’* The device features a metamaterial
absorber structure with graphene positioned between a nano-
ribbon and a dielectric layer. By applying a bias voltage to the
graphene, they were able to finely tune the plasmonic resonance
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Fig. 34 Electrically tunable plasmons for molecular detection. (a) Graphene plasmon enhanced molecular fingerprint sensor. (I) Schematic of the
sensor. (Il) SEM image of the graphene nanoribbon pattern. (lll) Highly selective detection of molecular vibrational fingerprints. (IV) Enhancement as a
function of spectral detuning. Adapted with permission from ref. 611, Copyright 2016 Springer Nature. (b) A hybrid graphene metamaterial absorber for
enhanced modulation and molecular fingerprint retrieval. (I) 3D schematic view of the hybrid graphene metamaterial absorber sensing platform. (I1)
Schematic diagram of graphene Fermi level modulation. (lll) Absorption spectra of the sensing platform after loading analytes. Adapted with permission

from ref. 613, Copyright 2023 Royal Society of Chemistry.
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frequency (approximately 0.95 cm™" V™). This precise adjust-
ment of the plasmonic resonance frequency effectively enhances
weak spectral signals, distinguishing weak fingerprint signals
from device background noise. The experimental results showed
that fine-tuning with graphene increased the relative absorption
peak value of the protein amide I band from 5.47% to 12.84%
and the relative absorption peak value of the amide II band from
4.82% to 13.82%.

4.3.2 Electron nanotweezers-plasmonics enhanced mole-
cular detection. Various types of plasmonic nanostructures have
been extensively utilized for the detection of trace substances. The
key to achieving high-sensitivity trace sensing lies in precisely
positioning target molecules near optical hotspots. However, ensur-
ing that analytes are near optical hotspots remains challenging due
to the free diffusion of nanoscale analytes and the localization
effects of nanostructure optical hotspots. Current mainstream
methods focus on improving detection sensitivity through molecu-
lar capture or concentration techniques.>’**** Given the prevalence
of biological molecules in liquid environments, there is an urgent
need for novel solution-based detection strategies for efficient
capture and release of target molecules.

Recently, researchers have explored methods that combine
particle capture with optical detection by introducing nano-
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manipulators at sensing points (such as nano-antennas or
nanopoints) to capture nanoscale objects.®’> Among the various
nano-manipulators, electric nanotweezers have shown signifi-
cant advantages, enabling real-time and repeatable manipula-
tion of numerous particles. Dielectrophoresis (DEP) is a typical
example of electric nanotweezers. The DEP force arises from
differences in conductivity and dielectric constants between
polarized particles and their surrounding medium. An external
electric field induces net polarization at the particle-medium
interface. In a spatially non-uniform field, particles are either
attracted to high-field regions (positive DEP) or repelled from
them (negative DEP).

Recent research has combined DEP with plasmonic sensors
to concentrate molecules and enhance RI sensing. For instance,
Barik et al. integrated large-area gold nanopore arrays with ITO
electrodes to achieve efficient DEP molecule capture and real-
time SPR detection (Fig. 35a).°'® The gold nanopore arrays are
used for constructing surface plasmon-enhanced refractive
index sensing. When molecules bind to the surface of gold
nanopores, the resonant frequency shifts to longer wave-
lengths. Additionally, gold nanopore arrays serve as the bottom
electrode for DEP, while ITO-coated glass slides act as the top
electrode. By introducing the sample solution into the gap and
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Fig. 35 Electron nanotweezers-plasmonics enhanced molecular detection. (a) DEP-enhanced plasmonic sensing with gold nanohole arrays. (I, I1)
Schematic of the experimental setup. (lll) SEM of the nanohole array. (IV) Measured spectra. Adapted with permission from ref. 616, Copyright 2014 ACS.
(b) DEP nanoparticle aggregation for on-demand SERS analysis. (I) Schematic diagram of the sensing platform. (ll) SEM image of the DEP-SERS chip. (lll)
Close-up view of a single trap using agglomeration of nanoparticles. (IV) Typical SERS spectra acquired using the DEP-SERS chip. Adapted with
permission from ref. 617, Copyright 2018 ACS. (c) Infrared spectroscopy of live cells from a flowing solution using electrically biased plasmonic
metasurfaces. (1) Schematic diagram of the DEP-SEIRA platform. (Il) Schematic of the metasurface pixel array. (Ill) SEM image of the metasurface. (IV)
Measurement results. Adapted with permission from ref. 618, Copyright 2020 Royal Society of Chemistry.
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applying an alternating current signal between the ITO elec-
trode and the gold nanopore array, forces are exerted on the
molecules, accelerating their movement toward the sensor sur-
face. The results indicate that DEP technology can detect bovine
serum albumin molecules at concentrations as low as 1 pM.

In addition to periodic nanopore arrays, DEP can also be
integrated with other plasmonic sensors for SERS®**%*° and
SEIRA detection.®™® Salemmilani et al. reported a microfluidic
chip-based SERS platform that uses DEP technology for highly
localized capture and release of SERS-active nanoparticles
(Fig. 35b).°"” In this platform, SERS-active silver nanoparticles
are used as capture targets. Under the influence of DEP, silver
nanoparticles aggregate at specific locations, creating multiple
optical hotspots that enhance Raman signals of analytes in the
solution. To improve the reuse of the device, electrodes and
flow channels are passivated to minimize nanoparticle con-
tamination in the microchannels. The device has been shown
to detect methamphetamine at physiologically relevant concen-
trations in saliva within 2 minutes. In the infrared range, Kelp
et al. developed a DEP-SEIRA integrated microfluidic device
(Fig. 35¢).®'® This device incorporates DEP modules, metasur-
faces, and microfluidic channels. The microfluidic channels are
used to transport cells in aqueous solutions, while the plasmonic
metasurfaces enhance the infrared spectra of live cells. DEP is
used to attract cells to the surface of the metasurface compo-
nents. With DEP, the device can acquire infrared absorption
spectra of cells within one minute. When DEP is turned off, the
adhered cells are released under the action of fluidic forces. This
method provides a flexible approach to transporting cells to
sensors, offering high throughput and usability.

4.3.3 Plasmonics-based photodetectors for molecular sen-
sing. Photodetectors are devices that convert optical signals
into electrical signals, playing a crucial role in various sensing
applications. They can be broadly categorized into photon detec-
tors and thermal detectors. Photon detectors utilize the photo-
electric effect to collect and convert the charge (typically
electrons) generated by incident photons into an electrical signal.
Currently, there are mature photon detectors used in applications
such as refractive index sensing and Raman spectroscopy. In
contrast, thermal detectors work by measuring temperature
changes or thermal effects to detect optical signals or radiation.
They convert photon or radiation energy into heat and measure
the resulting temperature changes or thermal effects. However,
non-cooling photodetectors face challenges in manufacturing for
the mid-infrared to far-infrared ranges due to issues like thermal
noise and energy gaps. Notably, the mid-infrared spectrum
contains a wealth of gas fingerprint vibration information. There-
fore, mid-infrared spectral gas sensors can uniquely and sensi-
tively identify and quantify the presence of gases.

Non-dispersive infrared (NDIR) spectroscopy is a type of
mid-infrared gas sensor that analyzes gases based on the char-
acteristic absorption wavelengths of mid-infrared radiation
caused by gas molecular vibrations. Traditional NDIR gas sensors
use broadband light sources and do not have pre-filters. To
analyze the concentration of target gases, a bandpass filter is
usually added before the detector to remove all unwanted
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wavelengths from the beam, allowing only the characteristic
absorption wavelengths of the gas to reach the detector. To
analyze several target gases in a mixture simultaneously, multiple
“bandpass filter + optical detector” pairs are implemented in the
NDIR gas sensor.”*"®*> However, this approach significantly
increases the cost, system complexity, and operating time, espe-
cially when the number of target gases is large.®*>%** This chal-
lenge stems from the lack of spectral selectivity in most
commercially available mid-infrared detectors. The wavelength
selectivity of plasmonic metamaterials offers a solution for narrow-
band mid-infrared detectors. A common approach is to integrate
metamaterials with thermoelectric detectors.**>?*7%*>%¢  gor
example, Tan et al. integrated plasmonic metamaterial absorbers
on top of a pyroelectric detector to achieve infrared response at
specific wavelength bands (Fig. 36a).°*” The plasmonic metama-
terial absorber can absorb infrared light at specific bands and
convert it into heat, thus raising the temperature at the top of the
pyroelectric detector. This temperature change induces charge
separation within the pyroelectric material, generating a potential
difference. By measuring the magnitude of this potential differ-
ence, the intensity of the specific band of infrared light can be
obtained. By adjusting the design of the metamaterial, the detec-
tion wavelength or peak absorption wavelength of the integrated
absorber can be tuned to cover the entire mid-infrared spectrum.
Based on this principle, Tan et al. developed eight narrowband
detectors responsive to different wavelength bands, with detection
wavelengths matching the characteristic absorption wavelengths
of eight target gases: H,S, CH,4, CO,, CO, NO, CH,0, NO,, and SO,.
The detection limits for common gases such as CH,, CO,, and CO
were found to be 63 ppm, 2 ppm, and 11 ppm, respectively.
Additionally, with the aid of mathematical models, the concen-
tration of two target gases in a mixture could be inferred from the
voltage responses of two narrowband detectors.

Another approach involves integrating plasmonic metama-
terials with low-dimensional materials, such as graphene, to
realize mid-infrared photodetectors. The unique band structure
and excellent transport properties of graphene offer unique
opportunities for photodetectors. However, graphene’s absorption
rate in the infrared range is relatively low (about 2.3%), resulting in
poor responsivity and sensing performance.®®® Therefore, an
effective structure to enhance graphene’s absorption is required.
Research has demonstrated that periodic nanostructures can
achieve extreme light confinement, thereby increasing absorption
and interaction between light and matter.**>®*' Additionally,
nanoantennas can serve as small metal electrodes to collect charge
carriers, generating photocurrent.®*>*** Many studies have used
graphene-plasmonic nanostructures to fabricate mid-infrared
photodetectors, enabling the measurement of optical parameters
such as wavelength, intensity, polarization, and ellipticity.'*%**-3
These measurements are critical for achieving highly integrated,
high spatial resolution, and surface-enhanced sensors. For exam-
ple, Xie et al. proposed a graphene photodetector based on
nanoantennas for polarization and spectral sensing (Fig. 36b).*®
Polarization sensing is achieved through artificial near-field aniso-
tropy realized by double L-shaped nanoantennas. The device
exhibited a high responsivity of 6.3 V/W at zero bias under room
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Fig. 36 Plasmonics-based photodetectors for molecular sensing. (a) NDIR multi-gas sensing via nanoantenna integrated narrowband detectors. (I) The
device geometry of the narrowband detection element. (ll) The joint package of the multiple pyroelectric elements with different detection wavelengths.
(1) The measured absorption spectra of 8 fabricated MIM absorbers compared to the infrared absorption bands of eight target gases. Adapted with
permission from ref. 627, Copyright 2020 Springer Nature. (b) Zero-bias long-wave infrared nanoantenna-mediated graphene photodetector for
polarimetric and spectroscopic sensing. () Schematic diagram of nanoantenna-mediated graphene photodetectors. (Il) SEM image. (Ill) Gas sensing
response and recovery characteristic. (IV) Gas sensing response time. Adapted with permission from ref. 628, Copyright 2023 Wiley.

temperature, with a noise equivalent power as low as 1.6 n\W Hz "2,

Finally, Xie et al. used acetone as an analyte for spectral sensing,
demonstrating the application of the nanoantenna-graphene photo-
detector in molecular detection. The results showed a detection
limit of 115 ppm and a dynamic gas sensing response time of
6 seconds. These results highlight the potential of graphene
photodetectors in next-generation on-chip integrated photonic
platforms and miniaturized spectrometers.

4.3.4 Photoacoustic fusion for molecular detection. Photo-
acoustic imaging (PAI) is an imaging method that combines
optical and ultrasound technologies to obtain structural and
functional information within biological tissues.®*” When pulsed
laser light is directed onto biological tissue, the tissue absorbs
the light energy, causing thermal expansion and generating
ultrasound waves. These ultrasound waves can be detected by
an ultrasound transducer. Since different tissues produce ultra-
sound waves of varying intensities, these signals can be used to
reconstruct images of the tissue structure, enabling disease
diagnosis and tissue assessment. As a hybrid technique, PAI
leverages the advantages of traditional optical and ultrasound
imaging while compensating for the limitations of each indivi-
dual technique.®*® Specifically, traditional optical imaging uses
the selective absorption of light by tissues or molecules at
specific wavelengths to produce high-contrast images that
reveal anatomical, functional, and molecular information. How-
ever, light quickly attenuates in biological tissues, limiting
optical imaging to only a few millimeters of penetration depth.
In contrast, ultrasound waves attenuate more slowly in tissues
and can penetrate several centimeters, providing higher spatial
resolution. However, traditional ultrasound imaging relies on
differences in tissue acoustic impedance, resulting in lower
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contrast and difficulty in distinguishing tissues with similar
acoustic properties. PAI addresses the limitations of optical
imaging’s penetration depth and ultrasound imaging’s contrast
by combining high-contrast optical excitation with deep-
penetration ultrasound waves, thus providing richer diagnostic
information than single optical or acoustic techniques.

In PAI, contrast agents play a crucial role.®*>**° They can
significantly enhance the absorption of laser light by specific tissues
or molecules, generating stronger PA signals and improving image
contrast. Common contrast agents in PAI include endogenous
chromophores (such as hemoglobin and melanin)****** and exo-
genous agents (such as nanoparticles and polymers).****** Among
these, plasmonic nanoparticles are excellent PAI contrast agents due
to their superior light absorption and tunable absorption peaks.
Additionally, plasmonic nanoparticles exhibit outstanding photo-
thermal conversion efficiency, good biocompatibility, and excellent
physicochemical properties. By adjusting the size and shape of
metal nanoparticles, their absorption cross-section can be
enhanced, increasing the efficiency of photon-to-heat conversion.
For example, Repenko and colleagues conducted a comparative
analysis of the PA contrast of gold core-shell structures with various
shapes (such as spheres, nanostars, nanorods, and nanoshells).***
They found that melanin-coated AuNRs exhibited the most signifi-
cant PA enhancement, attributed to their superior absorption rates.

In preclinical studies, PAI has led to numerous exciting discov-
eries and applications in small animal models. Its translational
research has also attracted interest in fields such as oncology,**>**®
neuroscience,’”” and brain science.®*® For instance, Zhou et al.
reported a NIR-II plasmonic therapeutic diagnostic system based
on silica-coated self-assembled gold nanorods (AuNCs@SiO,) for
accurate tumor diagnosis.**> The NIR-II “on-off’ properties of
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of AUNCs@SiO, nanochains. (b) PAI of 4T1-tumor-bearing mice for tumor

tissue and normal tissue as a function of post-injection time of AUNCs@SiO,.
Adapted with permission from ref. 649, Copyright 2020 Wiley.

AuNCs@SiO, are attributed to a typical redox reaction between the
citrate ligands on the gold nanoparticles and the overexpressed
H,0, in the tumor microenvironment. This reaction causes the
ligands to detach from the gold nanoparticles and fusion of
adjacent gold nanoparticles (Fig. 37a). Fig. 37b is the angiogra-
phy of AuNCs@SiO, on 4T1-tumor-bearing mice for tumor
tissue and normal tissue. The fused AuNRs exhibit excellent
NIR-II deep tissue penetration in tumor tissues, with a photo-
thermal conversion efficiency of up to 82.2%. Moreover, the self-
assembled AuNRs also demonstrate significant tumor elimina-
tion and growth inhibition effects.

Despite significant progress in PAI with metal nanoparticles,
several challenges remain to be addressed for advancing its
application in basic life sciences research. First, there are concerns
about biocompatibility and toxicity. Although gold nanoparticles
are generally considered inert, their biocompatibility heavily
depends on the materials, size, shape, and synthesis methods of
the nanostructures. Future research needs to thoroughly assess the
biocompatibility and safety of nanoparticles in vivo. Additionally,
metal nanoparticles may undergo non-specific aggregation in bodily
fluids, which can affect their optical properties and potentially lead
to vascular blockage or immune reactions. Therefore, reducing non-
specific aggregation and exploring biodegradable metal nano-
particles could enhance the overall application value of PAL

4.4 Section summary

This section provides an overview of plasmonic nanostructures
and their applications in molecular detection. We begin by
categorizing plasmonic nanostructures based on their dimen-
sional properties, covering zero to 3D structures and their
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fabrication techniques. Next, we focus on plasmon-enhanced
sensing technologies, including refractive index sensing, SEIRA
spectroscopy, surface-enhanced Raman spectroscopy, and more.
Finally, we discuss the integration of plasmonics with electronic
and acoustic technologies, exploring how these multi-effect sys-
tems address current challenges and their potential in advancing
molecular sensing capabilities.

Nevertheless, the sensing applications continue to present sig-
nificant challenges. A primary challenge is achieving high sensitivity
across these various techniques. For example, in SERS, the sensi-
tivity is determined by the EF at hotspot locations,”® which is
similarly critical in SEIRAS and other surface-enhanced spectro-
scopy techniques. The design of substrates that can maximize these
hotspots while being compatible across different detection
modalities is complex. This requires the development of mate-
rials and structures that can consistently amplify weak signals
from low-concentration analytes while maintaining high sensi-
tivity across different spectral regions and types of interactions.

Another significant challenge is ensuring selectivity in
complex biological environments. The molecular fingerprints pro-
vided by vibrational spectroscopy in SERS are powerful tools for
identifying specific molecules, but this specificity must be main-
tained when integrating with other plasmonic sensing techniques.
The selectivity in these applications is often compromised by
background noise or interference from other biomolecules, parti-
cularly in complex samples like blood or tissue. Advanced Al-based
techniques and sophisticated detection strategies are being
explored to enhance selectivity.

Reproducibility is another critical issue, as consistent perfor-
mance across different plasmonic techniques is essential for quan-
titative biosensing.®” Variability in substrate manufacturing,
environmental conditions, and sample preparation can all contri-
bute to inconsistent results. This challenge is exacerbated in
integrative approaches where multiple sensing techniques are
combined, each with its own set of requirements and sensitivity.
Developing robust, uniform substrates that perform reliably across
different plasmonic applications is key to addressing this challenge.

The stability of plasmonic substrates is also crucial,®"
especially when applied to real-world biosensing under varying
conditions of temperature, pH, and ionic strength. The dur-
ability of these substrates under different experimental condi-
tions is essential for long-term applications, particularly in
clinical diagnostics, where reliability over time is necessary.

Finally, the challenge of cost-effectiveness cannot be overlooked,
particularly in the context of point-of-care testing (POCT),*** where
affordability is a key factor for widespread implementation. The
development of scalable manufacturing processes that can produce
high-quality plasmonic substrates at a low cost is essential for
making these advanced diagnostic tools accessible in diverse
healthcare settings, including remote or underserved areas.

5. Plasmon-enhanced energy conversion

The excessive reliance on non-renewable energy sources, such
as coal and oil, has intensified the global energy crisis, creating

This journal is © The Royal Society of Chemistry 2025
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Table 1 Comparison of plasmon-enhanced energy conversion types
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Energy conversion

type

Working principle

Plasmon-enhanced principle

Main application areas

Solar energy

Chemical energy

Biomass energy

Thermal energy

Mechanical energy

Utilizing photovoltaic or photothermal
effects to convert solar energy into
electrical or thermal energy

Releasing or storing energy through
chemical reactions

Producing energy through combustion
or fermentation of biomass resources

Thermal energy can be obtained through
energy conversion or heat transfer
Utilizing mechanical motion or pressure
to convert into other forms of energy

Boosting light absorption and
conversion via plasmon-enhanced
photoactivity of semiconductors
Enhancing catalytic activity or reaction
rates through plasmon-induced effects
Utilize the heat generated by LSPR to
create thermo-photocatalytic conditions
to promote biomass decomposition
Leveraging plasmon-induced heating or
energy transfer

Utilizing plasmonic materials for
enhanced friction or energy harvesting

Power supply, hot water supply, etc.

Fuel cells, energy storage systems, etc.

Hydrogen production, wastewater
purification, degradation of organic
pollutants, etc.

Gas sensing, thermal emission
control, biomedical applications, etc.
Triboelectric nanogenerator, etc.

an urgent need to explore alternative methods for harnessing
energy directly from the surrounding environment. Plasmon
technology offers a promising solution for generating sustain-
able green energy. By enhancing light conversion in semicon-
ductor materials, plasmon technology can significantly
improve the efficiency of energy conversion in various applica-
tions, including solar cells,®®® solar-to-chemical energy,®*
solar-to-biomass energy,®® and solar-to-thermal energy.®>
Moreover, it can enhance the efficiency of triboelectric nano-
generators (TENGs) by increasing the surface charge density of
materials.®®” As a result, plasmon technology has found wide-
spread use in numerous energy applications, including solar,
chemical, biomass, thermal, and mechanical energy. To facil-
itate a more intuitive comprehension of the similarities and
differences among various types of plasmon-enhanced energy
conversion, Table 1 provides a systematic comparison of the
primary characteristics of each energy conversion type.

5.1 Plasmon-enhanced solar energy

Solar energy conversion technology faces several challenges,
including low absorption efficiency, insufficient charge separa-
tion and transfer efficiency, and a limited spectral range.®*®°%°
These limitations directly impact the effectiveness of convert-
ing solar energy into electricity. Excitingly, plasmon technology
can enhance the collection and conversion of solar energy by
increasing the photoactivity of semiconductors. The excited
surface plasmons operate through five distinct mechanisms,
as illustrated in Fig. 38.

5.1.1 Hot-electron injection. Hot-electron injection is the
first mechanism reported for metal plasmon-enhanced photo-
activity of semiconductors.™**%" This mechanism is induced
by the non-radiative decay of excited plasmons, which leads to
the conversion of plasmon energy into a hot-electron-hole
pair.”® The energy of these hot electrons depends on the size
and shape of metal nanoparticles, while their generation rate is
determined by the non-radiative dephasing time.®®>®%® When a
metal and semiconductor come into contact, hot electrons can
overcome the Schottky barrier at the interface (Fig. 38-I).
Through hot-electron injection, plasmons can photosensitize

wide-band-gap semiconductors, broadening their light absorp-
tion range.29,141,144,165,667—673
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Fig. 38 Mechanisms of plasmon-enhanced photoactivity in semiconduc-
tors. (I) Hot-electron injection; (Il) local electromagnetic-field enhance-
ment; (Il) plasmon-induced resonant energy transfer (PIRET); (IV) light
absorption and scattering; (V) plasmonic heating effect.

5.1.2 Local electromagnetic-field enhancement. The sec-
ond significant effect of metal plasmon-enhanced photoactivity
is local electromagnetic-field enhancement. This effect results
from the interaction of an enhanced electromagnetic field,
localized near the interface of metal nanoparticles, with semi-
conductors (Fig. 38-1I). This enhancement is highly localized
and strongly depends on the shape, size, and spatial distribu-
tion of the nanostructures.”’* The electromagnetic field
enhancement caused by individual NPs can be up to a factor
of 10%, and this effect is significantly amplified when multiple
NPs are in close proximity. This amplified electromagnetic field
can substantially improve the photon absorption rate of semi-
conductors in these enhanced areas.®”> Consequently, when a
semiconductor is in close proximity to these NPs, the formation
rate of electron-hole pairs (e /h") within the semiconductor
will significantly increase, thereby enhancing photocatalytic
activities.®”®7%7®
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5.1.3 Plasmon-induced resonant energy transfer. Before a
plasmon decays into hot electrons, the incident energy is stored
in the polarization of the plasmon and can be transmitted
through the near-field. During this process, the carrier generation
efficiency is governed by the overlap integral of LSPR and the
semiconductor’s absorbance for dipole-dipole interactions.
Hence, the near-field of plasmons can transfer energy to semi-
conductors in the form of resonance (Fig. 38-I11).*”° For complex
geometric shapes,®® energy transfer may occur through multipole
interactions.®”®®17%8% Therefore, PIRET can be understood as the
mechanism by which the energy of a plasmonic oscillation is
transferred from a plasmonic material to a semiconductor photo-
catalyst via an electromagnetic field or dipole-dipole interaction.

5.1.4 Light absorption and scattering. The scattering of
plasmons can enhance light absorption at energies above the
semiconductor’s bandgap.'**°¥7%! The excited surface plas-
mon can decay radiatively through resonant scattering, which
is primarily influenced by the size of the metal nanostructures
(Fig. 38-1v).%°> By utilizing the large scattering cross-section of
plasmons, the path length of photons can be extended through
multiple reflections, increasing the likelihood of absorption.
LSPR is commonly employed to induce multiple reflections,
either by embedding plasmonic NPs into the active layer or by
using patterned back-reflectors, which are more prevalent in
solution-based and deposition-based processing methods.

5.1.5 Plasmonic heating effect. The final mechanism dis-
cussed here is the plasmonic local heating effect,®®® which
occurs during the non-radiative decay of LSPR (Fig. 38-V). The
interaction between photogenerated charge carriers and other
electrons in the system can lead to a thermal charge-carrier
distribution under incident light excitation. This distribution takes
a few hundred femtoseconds to thermalize into a Fermi-Dirac
692,694,995 pollowing thermalization, the collision of
electrons with the metal nanostructure’s ions transfers energy to
the lattice, inducing lattice heating. This heat then dissipates into
the environment over a longer timescale, achieving thermal equi-
librium between the lattice phonons and the surrounding med-
ium, which leads to an increase in the temperature of the medium.
Even a minor temperature rise (1 to 10 K) can significantly
influence the reaction rate in classical catalytic systems. The
plasmonic heating effect is more pronounced in smaller nano-
structures, especially those below 30 nm,****® and is often
utilized for the thermal activation of chemical reactions.®**”%

The primary goal of research in plasmonic solar cells is to
enhance their conversion efficiency. New plasmonic nanostruc-
tures, with pre-designed sizes and shapes, have been extensively
studied in various solar cells, including polymer solar cells, dye-
sensitized solar cells, and heterojunction solar cells.®®”70177%
For example, Ma et al. developed an innovative nanostructure
composed of Au nanorod-nanoparticle dimers with structural
darkness (Fig. 39a), which significantly boosts the broadband
light absorption of perovskite solar cells, leading to a 16%
increase in efficiency (Fig. 39b and c).”°* In their study, when
the concentration of Au nanorod-nanoparticle dimers coated
with SiO, (Au dimers@SiO,) was set at 2.8%, the average
efficiency increased by 10.1% due to an improvement in the

distribution.
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Fig. 39 Bioinspired nanostructure with Au nanorod—nanoparticle dimers
for enhanced light harvesting in perovskite solar cells. (a) Schematic and
SEM cross-section of the solar cell structure. Inset: 2D graph of near-field
intensity improvement for an Au dimer. (b) J-V characteristics of perovs-
kite solar cells with varying concentrations of Au dimers. (c) EQE spectra of
the control sample and different additions of Au dimer@SiO,. Adapted with
permission from ref. 704; Copyright 2019 Wiley.

average short-circuit current () from 17.05 to 19.35 mA cm™ 2.
This suggests that the addition of Au dimers@SiO, positively
impacts the performance of solar cells by enhancing the short-
circuit photocurrent. Furthermore, measurements indicated
that increasing the amount of Au dimers led to an enhancement
in external quantum efficiency (EQE) in the long wavelength
region, followed by an overall decrease across all wavelengths.

In another study, Beak et al. developed highly efficient
plasmonic organic solar cells (OSCs) by embedding Au@Ag
core-shell nanocubes (Au@Ag NCs) into an anodic buffer layer,
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:
PSS) (Fig. 40a).”% The optical gain induced by these metal nano-
particles enhanced both the EQE and absorption of the OSCs. Due
to the amplified plasmonic effect of the metal nanoparticles, the
plasmonic PCDTBT:PC70BM-based OSCg with embedded Au@Ag
NCs showed a 2.2-fold absorption enhancement compared to
AuNPs at wavelengths between 450 and 700 nm (Fig. 40b and
c). The power conversion efficiency (PCE) of PTB7-based OSCs
reached 9.2%. Additionally, the shape and composition of the
plasmonic nanoparticles can be adjusted to optimize charge
separation and transport at the solar cell interfaces.”®®

Given the extensive literature on plasmon-assisted solar
energy conversion efficiency, this discussion focuses only on
representative studies. A summary of recent results is presented
in Table 2.

5.2 Plasmon-enhanced chemical energy

Solar-to-chemical energy conversion is a crucial research area
with significant potential for addressing current energy and
environmental challenges. However, the limited optical absorp-
tion and low apparent quantum efficiency (AQE) are two major
bottlenecks that constrain the efficient conversion of solar
energy into chemical energy.””* Plasmonic nanometals offer a

This journal is © The Royal Society of Chemistry 2025
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Fig. 40 High-efficiency plasmonic organic solar cells with embedded
Au@Ag core-shell structures. (a) Schematic of a plasmonic organic solar
cell. (b) J-V curves of the control device (black) and plasmonic OSCs with
AuNPs (red) and Au@Ag NCs (blue) embedded. (c) PCE, short-circuit
current density (Jso), open- circuit potential (Vo). and filling factor (FF)
enhancements of the plasmonic OSCs with Au@Ag NCs embedded at
various concentrations in a PEDOT:PSS layer. Adapted with permission
from ref. 705; Copyright 2014 American Chemical Society.

promising solution by combining light harvesting, hot-electron
generation, heating effects, and unique catalytic functions
within a single material. The surface plasmon resonance
(SPR) effect has emerged as an efficient and attractive strategy
for enhancing solar-to-chemical energy conversion.”*”?> These
unique properties have been extensively utilized across a wide
range of applications, from semiconductor photocatalysis to
the rapidly developing field of surface plasmon-mediated het-
erogeneous catalysis. Recent advances have shown significant
improvements in the efficiency of solar energy utilization across
various catalytic processes.

Fig. 41 illustrates the mechanism of plasmon-enhanced
chemical energy conversion. When illuminated, metal nano-
structures undergo LSPR, which effectively enhances both the

Table 2 A summary of plasmon-enhanced solar energy conversion
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Fig. 41 The schematic diagram of the mechanisms for plasmon-
enhanced chemical energy.

oxidation and reduction reactions in the valence and conduc-
tion bands of the semiconductor.”*® This section focuses on the
key role of plasmonic metal nanostructures in common appli-
cations, such as carbon dioxide reduction reactions, hydrogen
evolution reactions (HER), oxygen evolution reactions (OER),
and oxygen reduction reactions (ORR).

5.2.1 Plasmon-enhanced carbon dioxide reduction reac-
tion. Significant progress has been made in the photocatalytic
conversion of CO, into solar fuels in recent years.®**”*">° For
instance, Robatjazi et al. reported a plasmonic AlI@Cu,O antenna-
reactor heterostructure that generates charge carriers to drive the
chemical transformation of CO, into CO (Fig. 42a).”*° This struc-
ture enhances surface reactivity and efficiently utilizes radiative
LSPR damping in Al to boost carrier generation in the metal
oxide shell. Their findings show that plasmon-induced reverse
water-gas shift (rWGS) reactions at lower temperatures exhibit
improved selectivity compared to thermally driven rWGS at
higher temperatures. In this study, the rate of CO formation

Year Plasmon materials Jse (MA cm™?) Voe (V) PCE improvement (%) Ref.
2019 Au nanorod-nanoparticle dimers 19.74 1.098 14.15-16.78 704
2014 Au@Ag core-shell nanocubes 17.5 0.75 7.78-9.19 705
2020 Ag back reflector 13.71 0.856 6.12-7.26 707
2019 Coupled core-shell nanoparticles 28.13 0.605 6.8-14 708
2018 Ag nanoparticles 16.46 0.87 8.04-10.6 709
2016 Au@SiO, core-shell nanoparticles 11.9 0.770 3.78-4.49 710
2018 Ag nanospehere, cube, cylinder, etc. 20.92 1.015 12.92-13.68 711
2019 Gold nanoparticles 16.66 0.65 6.29-7.58 712
2021 Au@Ag nanoparticles 17.07 0.69 2.5-3.73 713
2018 Au nanoparticles 19.36 0.57 4.04-6.0 714
2017 Au bipyramids and Au nanospheres 24.61 0.59 8.09-9.58 715
2023 Hybrid of gold nanobipyramids and nanospheres 26.53 0.84 15.46-16.62 716
2022 Au nanoparticles 41.7 0.63 14.40-19.0 717
2023 Au nanoparticles 40.78 0.64 17.90-21.39 718
2020 Au nanoparticles 22.5 0.9 8.53-10.9 719
2021 Au nanooctahedra 23.63 1.08 16.95-19.05 720
2015 Au nanoparticles 19.9 1.08 9.30-16.2 721
2023 Ag nanopyramid and nanodome 38.42 0.88 15.60 (Ag nanopyramid)-28.02 722
(Ag nanodome)
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Fig. 42 Plasmon-enhanced rWGS. (a) The schematic of plasmon-
induced carrier-driven rWGS on Al@Cu,O. (b) The rate of CO formation
on photocatalysts derived from Cu,O, Al NCs, and Al@Cu,O. (c) The
apparent EQE determined from the measured reaction rate and graphed
against photon flux. Adapted with permission from ref. 730; Copyright
2017 Springer Nature.

catalyzed by Al@Cu,O is significantly higher than that of Cu,O
and pristine Al (Fig. 42b), with a measured EQE of approxi-
mately 0.35% for Al@Cu,O (Fig. 42c). These results align with
values reported in other scholarly studies.”*"73*

5.2.2 Plasmon-enhanced hydrogen evolution reaction (HER).
Metals with large work functions, such as platinum (Pt), gold (Au),
and palladium (Pd), are widely recognized as effective cocatalysts
in photocatalytic HER.”*>”*” Rodrigues et al. reported a gold-
rhodium core-shell nanoflower (Au@Rh NFs) structure that
enhances HER performance (Fig. 43a).”*® Their study found
that HER activity increases with the Rh content in Au@Rh NFs,
under both dark and illuminated conditions (Fig. 43b).
AuggRh3, NFs exhibited the highest performance in both HER
and plasmon-enhanced HER (Fig. 43c and d). These results
suggest that the plasmonic effects from visible light can be
harnessed to boost Rh’s catalytic performance by creating
hybrid nanomaterials combining Rh and Au.

5.2.3 Plasmon-enhanced oxygen evolution reaction (OER).
Transition metal (oxy)hydroxides, abundant in the earth, offer
low cost, tunable activity, and excellent stability, making them
promising candidates for electrocatalysts to enhance OER
kinetics.”*>’*° Hu et al. designed a novel electrocatalyst by
decorating Ni(OH), with Ag NPs to facilitate OER (Fig. 44a).”*"
After introducing Ag NPs, the composites exhibited a distinct but
broad absorption peak at ~400 nm (Fig. 44b) and significant
electric field enhancement (Fig. 44c and d). The current densities
for both Ni(OH), and Ni(OH),/Ag-0.4 increased with increasing
electrolyte temperatures (Fig. 44e and f). Furthermore, the activa-
tion energy (Ea) of Ni(OH),/Ag-0.4 was much lower than that of
pristine Ni(OH), (Fig. 44g), indicating a reduced energy barrier
for the OER after Ag NP decoration. Consequently, the surface
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Fig. 43 Gold-rhodium nanoflowers for the plasmon-enhanced HER. (a)
Schematic of electron transfer pathways for LSPR-enhanced HER. (b)
Polarization curves recorded at 5 mV s~ from 0.1 to —0.3 Vg for Au,
Rh, and AugoRhig, AugzRhig, and AuggRhso. Solid lines represent data
recorded under 533 nm light excitation, whereas dashed lines correspond
to experiments conducted in darkness. (c) Stark tuning plots for deconvo-
luted bands in the range 3400-3530 cm™* for Au, Rh, and AuggRhs,. (d)
Absorbance versus potential plots for deconvoluted bands in the range
3400-3530 cm ™~ for Au, Rh, and AuggRhs,. Adapted with permission from
ref. 738; Copyright 2021 American Chemical Society.

plasmon at the Ni(OH),/Ag interface significantly enhances OER
performance by improving charge transfer and reaction kinetics.

5.2.4 Plasmon-enhanced oxygen reduction reaction (ORR).
Combining plasmonic NPs with 2D electrocatalyst systems is an
effective strategy to enhance electrocatalytic activity in ORR
under light illumination. Ding et al. introduced a novel 2D “Egg
Waffle”-like heterostructure, with gold nanoparticles interca-
lated in a palladium nanosheet (AuNP-in-PdNS), to enhance
electrocatalytic activity under light exposure (Fig. 45a).”*> They
found that the HER catalytic activity of Au, 5o0NP-in-PdNS under
light illumination (200 mW c¢m™?) outperformed the baseline
Pt/C in acidic media (Fig. 45b). These results confirm that LSPR
effectively enhances the electrocatalytic HER activity of 2D
AuNP-in-PdNS heterostructures. Additionally, Aug s5,NP-in-
PANS exhibited the best ORR activity, characterized by an
increased half-wave potential of 0.882 V and a limiting current
density of 7.5 mA ecm™> under light exposure, further demon-
strating the plasmonic enhancement in electrocatalytic perfor-
mance (Fig. 45¢ and d).

5.3 Plasmon-enhanced biomass energy

There is growing interest in utilizing renewable resources, such
as solar energy, as a driving force and biomass-derived com-
pounds as feedstocks for simultaneous hydrogen production.
These approaches are recognized as sustainable solutions for
energy generation and effective strategies against climate
change. Compared to water, organic compounds interact more
readily with photo-generated valence band holes, making them
more suitable for valorization.”** The process that involves the

This journal is © The Royal Society of Chemistry 2025
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degradation of organic contaminants, particularly biomass-
derived ones, in wastewater under solar irradiation is known as
photoreforming.®*®> However, in the context of photogenerated
hydrogen, the quantum efficiency of converting photon energy
into hydrogen is typically suboptimal. Metal/semiconductor
heterojunctions can induce LSPR, which generates a significant
amount of heat in the nanoscale region, creating thermo-
photocatalytic conditions without the need for additional heating
systems.'®®”** Ultimately, the deployment of plasmonic nanocata-
lysts can substantially enhance photocatalytic activity, especially in
the realm of hydrogen (H,) evolution. Fig. 46 presents a schematic
diagram of biomass photoreforming on metal/semiconductor
catalysts, highlighting the role of metal plasmons as electron
sinks that enhance the separation of photo-generated electron-
hole pairs.

5.3.1 Photoreforming of methanol. Methanol can be readily
converted to hydrogen through catalytic reactions that harness
solar energy as a renewable energy resource. Naldoni et al
investigated the photocatalytic efficiency of Au/TiO, and Pt/TiO,
in hydrogen production from methanol photoreforming
(Fig. 47a).”*° Their research revealed that Pt/TiO, exhibits greater
catalytic activity compared to both Pt/TiO, and pure TiO,, result-
ing in enhanced hydrogen production and more efficient metha-
nol oxidation (Fig. 47b). The superior performance of Pt/TiO, is
attributed to Pt’s greater ability, compared to Au, to act as an
electron sink, effectively slowing down the recombination of
photogenerated electron-hole pairs.

5.3.2 Photoreforming of ethanol. Ethanol, a biomass-derived
feedstock, has the potential to act as a sacrificial electron donor,
making it suitable for environmentally friendly hydrogen produc-
tion. Opez et al. studied the influence of mono-metal (Ag, Cu, Pt)
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and bi-metal (Cu-Pt, Cu-Ag) loaded TiO, for gas-phase ethanol
photoreforming.”*® In this study, Cu species demonstrated their
effectiveness as a cocatalyst. TiO,~Cu-Pt exhibited the highest H,
productivity, with Cu helping to control the oxidation reaction,
leading to a modest reduction in CO, formation compared to
TiO,-Pt (Fig. 48a). Moreover, the sample achieved higher H,/CO,
ratios due to the effect of Ag in the bimetallic TiO,-Cu-Ag systems
(Fig. 48Db).

5.3.3 Photoreforming of glycerol. Glycerol, with its favor-
able chemical structure and a high proportion of hydrogen
atoms relative to carbon and oxygen, is well-suited for photo-
chemical transformations.”*” Tahir et al. reported a heterojunc-
tion catalyst of Au-loaded WO3/TiO, for boosting photocatalytic
H, evolution from glycerol photoreforming under visible light
(Fig. 49a).”*® The composite samples exhibited higher visible
light absorption through SPR. The maximum H, evolution rate
achieved was 17200 ppm h™' gcat™' on the 0.5% Au-loaded
WO;/TiO, photocatalyst (Fig. 49b). This result suggests that
plasmonic Au-NPs decorated on WO3/TiO, heterojunctions facil-
itate faster charge separation and higher visible light absorption
through SPR, leading to improved hydrogen production.

5.3.4 Photoreforming of glucose. Biomass photoreforming
can simultaneously utilize photogenerated electrons and holes
to produce gas fuels and value-added chemicals. Glucose, one
of the most abundant biomass-derived compounds, has been
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7497751 7ha0 et al. enhanced

converted into high-value chemicals.
the efficiency and selectivity of photocatalytic glucose conversion
to arabinose using gold nanoparticles decorated on three-
dimensionally ordered macroporous TiO, (3DOM TiO,-Au)
(Fig. 50a).”>* The presence of Au NPs significantly enhances the
efficiency of photogenerated electron-hole pair separation, and
the LSPR endows the photocatalyst with visible-light activity.
With the addition of the cocatalyst, 3DOM TiO,-Au exhibited
~37% glucose conversion and 0.2 g L' arabinose production
within 8 hours (Fig. 50b and c). These results represent a 2.8-fold
and 10-fold increase in performance over traditional TiO,. More-
over, the decoration of Au NPs notably enhanced the generation
of H,, CH,4, and CO, while the hierarchical 3DOM structure also
boosted H, production (Fig. 50d-{).

5.3.5 Dry reforming of methane (DRM). In recent years,
DRM has garnered significant scientific attention due to its ability
to produce industrially valuable synthesis gas (a mixture of CO and
H,) through the conversion of CH, and CO,.”>>”** Zhou et al.
reported a plasmonic photocatalyst using Cu-Ru single-atom alloy
NPs for low-temperature photocatalytic methane dry reforming,
achieving high efficiency, high selectivity, and greatly suppressed
coking (Fig. 51a).”>® They found that, under white light, the energy
efficiency increased with light intensity, stabilizing at a peak of
approximately 15% above 16 W cm > (Fig. 51b). A turnover

frequency of 34 mol H, (mol Ru) " s and photocatalytic stability

This journal is © The Royal Society of Chemistry 2025
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over 50 hours were achieved under 19.2 W cm™? white light

illumination without the need for supplementary heating
(Fig. 51c). In this study, the miniature plasmonic Cu antennas
significantly enhanced light absorption, leading to efficient hot
carrier generation under illumination, while single-atom Ru
sites on the Cu surface contributed to the high catalytic activity.

5.4 Plasmon-enhanced thermal energy

Solar thermal energy, obtained through the conversion of solar
energy to heat, has emerged as an efficient, clean, economical, and
direct method for harnessing renewable energy.”>*”>” However,
conventional solar-thermal collection designs are plagued by sig-
nificant thermal energy losses and poor thermal stability of the
photothermal conversion materials used.””® In recent years, the
plasmonic heating effect of noble metal NPs has garnered sig-
nificant research interest.”>®7*> The dissipation of LSPPs at visible
frequencies can be leveraged to create localized nanoscale heat
sources. Meanwhile, noble metals typically exhibit an exceedingly
low optical quantum yield, resulting in nearly 100% photothermal
conversion efficiency.”®® The field of research focusing on the
heating effects from plasmonic antennas is known as “thermo-
plasmonics”.”®* To harness this heating effect, thermoplasmonics
has been applied across various fields (Fig. 52), including gas
sensing, thermal emission control, biomedical applications, and
thermal radiation energy management.

5.4.1 Plasmon-enhanced thermal energy harvesting. Solar
thermal energy, obtained through the conversion of solar
energy into heat, has become a highly efficient, economical,

This journal is © The Royal Society of Chemistry 2025
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environmentally friendly, and direct way to provide space and
water heating.”*””® Chang et al. reported the use of the plasmo-
nic heating effect of noble metal NPs for efficient and facile solar-
thermal energy harvesting, including solar-thermal energy con-
version and thermal energy transportation (Fig. 53a).”*® Com-
pared to conventional external photothermal conversion designs,
the reported device showed a reduction in thermal resistance of
more than 50% and demonstrated an over 25% improvement in
solar water heating efficiency (Fig. 53b).

5.4.2 High-performance gas sensing applications. Plasmonics-
based chemical sensing has proven remarkably effective for
concentration-dependent gas measurements.”®””®® Karker et al.
utilized lithographically patterned Au nanorods to collect thermal
energy and applied it to gas sensing (Fig. 54a).”®® This approach
eliminates the need for an external incident light source. The
calibration plots of thermal and white light imaging for NO,,
H,, and CO indicate that gas sensing results using harvested
thermal energy closely match those obtained with an external
incident light source (Fig. 54b-d).

5.4.3 Controlling thermal emission. Plasmon-based meta-
surfaces have been widely employed for customized far-field
thermal emission, achieving polarized, narrowband, and direc-
tional emission.””®”’> Zhang et al. designed a metasurface
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Fig. 52 Applications of thermoplasmonics.

based on nanosandwich optical absorbers (Al/SiN/Al) capable of
controlling thermal emission in the infrared spectrum range
(Fig. 55a).”’ The authors demonstrated that, through the
intense coupling of surface lattice resonance with the magnetic
resonance of the structure, unidirectional thermal emission
occurs in the surface-normal direction at a wavelength of
7.1 um (Fig. 55b). Furthermore, angular-resolved thermal emis-
sion studies revealed that the thermal emission caused by Fano
resonance displayed a concentrated wavelength range and a
specific directional radiation angle (Fig. 55c).

5.4.5 Photothermal therapy (PTT) applications. PTT, based
on NIR light, offers a noninvasive approach for tumor ablation by
inducing localized hyperthermia via photothermal agents.'®"7777
Numerous experiments have adequately demonstrated the remark-
able efficacy of plasmon-based PPT in tumor ablation,””® cancer
immunotherapy,””” and anti-infection applications.””® Zhang et al.
synthesized 2D PtAg nanosheets with excellent photothermal and
PA properties in both the NIR-I and NIR-II biowindows (Fig. 56a).””°
Due to the outstanding photothermal properties of folic acid-
modified thiol-poly(SH-PEG-FA)}-functionalized PtAg nanosheets in
both NIR-I and NIR-II biowindows, and their accumulation at 4T1
tumor sites, the skin temperature of mice injected with PtAg
nanosheets was higher after 2 minutes of irradiation with 785
and 1064 nm lasers (Fig. 56b and c). This setup enabled effective
targeted ablation of tumors in mice without side effects or
metastasis, guided by PAI under both NIR-I and NIR-II lasers
(Fig. 56d and e).

5.4.6 Thermal radiation energy management. Surface plas-
mon devices and materials possess the ability to achieve direc-
tional thermal management of light energy due to their capability
to manipulate light at the nanoscale.”**”%" Ma et al. proposed a

This journal is © The Royal Society of Chemistry 2025
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transparent and solar thermal metasurface based on copper
nanodisks, demonstrating a maximum absorption difference of
over 25% from different sides (Fig. 57a and b).”®* In this structure,
LSPR is triggered around copper disks to produce absorption,
while a thin silver film enhances the absorption directivity. The
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absorptivity (red) and measured thermal emission (black) spectra vs.
wavelength. Adapted with permission from ref. 770; Copyright 2019
American Chemical Society.

spectra show strong activity in the infrared region due to the
coupling between the copper disks and the silver layer (Fig. 57c
and d). Enhanced thin film preparation techniques may unlock
this design’s potential for managing light in architectural window
applications.

5.5 Plasmon-enhanced mechanical energy

Since Professor Wang et al. first invented a novel arch-shaped
triboelectric nanogenerator (TENG) in 2012,”® various methods
have been proposed to improve the output power of a TENG,
including surface functionalization, nanoparticle doping, and
chemical modification.”**7®® However, these approaches primar-
ily alter the surface properties of triboelectric films, often result-
ing in low efficiency and unstable output. Surface charges are
crucial in TENGS, as they not only generate current but also
facilitate the conversion of mechanical energy into electrical
energy. Therefore, optimizing surface charge density is essential
for enhancing TENG efficiency. Recent research has shown that
surface plasmon resonance and the excitation of hot electrons
can form charge traps when precious metals are introduced into
friction materials.®””°® These charge traps can increase the
surface charge density of TENGs through a mutual-coupling
effect, significantly improving their output power.

Chen et al. developed a high-output-power TENG based on
charge traps generated by mutual coupling effects within g-
C;Ny/MXene-Au composites (Fig. 58).”°" In this work, g-C3N,
absorbs light energy and generates carriers that act as charge
traps. The surface plasmon resonance of Au and its excited hot
electrons further contribute to the formation of charge traps.
Additionally, the superior electronic transmission capability of
MXene facilitates the generation of more charge traps. These
charge traps enhance surface charge accumulation in the TENG
through mutual coupling effects, resulting in a TENG with the
output voltage, current, peak power, and power density of 510 V,
80 pA, 20 mW (4 x 4 cm), and 12.5 pW mm 2 at an impedance
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heating trajectories of 4T1 tumors with a 1064 nm laser. (d) Photothermal imaging of 4T1 tumors with a 785 nm laser. (e) Photothermal imaging of 4T1
tumors with a 1064 nm laser. Adapted with permission from ref. 779; Copyright 2021 Wiley.
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of 2 MQ, respectively. This output power was six times higher
than that of a conventional TENG with PDMS.

The same research group also developed a TENG doped with
Ag@SiO, core-shell particles (Ag@SiO,-NPs), which exhibited high
instantaneous power density under visible light illumination
(Fig. 59a).%° It was found that Ag@SiO,-NPs alleviated the seepage
effect common in conventional nanoparticles and mitigated
surface charge leakage typically caused by metal nanoparticles
(Fig. 59b). More importantly, the surface plasmon effect enabled
the core-shell nanoparticles to further enhance the TENG’s output
performance (Fig. 59¢—j). The peak output power reached 70 mWw,
the output current was 248 pA, the output power density reached
up to 4.375 mW cm 2, and the output voltage exceeded 1 kV when
the shell thickness was 6 nm with a doping content of 0.4 wt%, far
surpassing the performance of conventional TENGs.

Additionally, Gao et al. utilized grating-electrode-enabled
surface plasmon excitation in TENGs.”® The generation of hot
electron-hole pairs from the decay of surface plasmon reso-
nance effectively enhanced the output performance of TENGs

This journal is © The Royal Society of Chemistry 2025
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Adapted with permission from ref. 791; Copyright 2022 Wiley.

while reducing their output impedance (Fig. 60a-c). Using this
method, a peak output power of 3.6 mW was achieved under a
loading resistance of 1 MQ, exhibiting a 4.5-fold enhancement
in output power and a 75% reduction in output impedance
(Fig. 60d and e).

5.6 Section summary

This section mainly examines the pivotal role of plasmons in
promoting the generation and conversion of green renewable
energy. Plasmons can enhance solar energy conversion by
increasing the photonic activity of semiconductors, promote
the conversion of solar energy into chemical energy through
the SPR effect, accelerate the degradation of biomass-derived
compounds and the release of hydrogen through plasmonic
nanocatalysts, regulate the applications of thermal energy via
metallic plasmonics, and increase output power by elevating the
surface charge density of TENGs. In summary, plasmon technol-
ogy demonstrates immense potential in advancing the develop-
ment of sustainable green energy.

Plasmonics has demonstrated potent efficacy in several
energy conversion processes; nonetheless, its application in
several fields still faces challenges and requires further explora-
tion by researchers. One of the primary challenges is the need
to harvest energy from multiple sources. Traditional energy
harvesters are often designed to capture a single type of energy,
such as solar or mechanical, which limits their functionality

This journal is © The Royal Society of Chemistry 2025

when that energy source is unavailable. To address this limita-
tion, integrated energy harvesters that combine multiple energy
sources, such as solar cells, biomass energy, thermal energy,
and mechanical energy, are essential. These hybrid systems
enhance the versatility and efficiency of energy harvesting
devices, allowing them to operate effectively across a broader
range of scenarios. However, designing and optimizing these
integrated systems to work harmoniously presents significant
technical challenges.

Another challenge in conversion applications is the efficient
use of the full solar spectrum. Plasmonic devices typically
operate within a narrow spectral range, which limits their ability
to harness energy across the entire spectrum. This restriction
poses a significant obstacle for widespread energy harvesting
applications. Recent advances in multifunctional plasmon
materials, which can modulate electron density and tempera-
ture, offer a potential solution. By tailoring these materials to
respond to different wavelength bands, it is possible to create
devices that can capture energy from the entire solar spectrum.
However, achieving this level of control and efficiency remains a
complex challenge in material design and engineering.

As energy harvesting devices become more portable and
miniaturized, maintaining efficiency and stability becomes
increasingly difficult. Smaller plasmonic energy harvesters
often suffer from reduced energy density, which can limit their
practical applications. To overcome this challenge, researchers

Chem. Soc. Rev,, 2025, 54, 5342-5432 | 5401
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permission from ref. 657; Copyright 2022 AAAS.

are exploring the use of flexible, lightweight, and highly con-
ductive materials, along with nanotechnology, to design smal-
ler, more efficient components.””>”®* These advancements
could lead to the development of portable energy harvesters
suitable for wearable technology, drones, and mobile power
applications. However, balancing miniaturization with perfor-
mance and reliability remains a key challenge.

6. Integrated plasmonic circuits

The rapid downsizing of electronic components to the submi-
cron scale has brought about remarkable increases in comput-
ing power, coupled with significant cost reductions. As the
microelectronics industry continues its journey towards smal-
ler devices, it becomes increasingly plausible that both physical
and economic constraints associated with top-down silicon
technology will soon impose limitations on further progress.
To overcome these limitations and meet the anticipated
demands of future society, revolutionary breakthroughs, rather
than incremental advances, are imperative. A promising avenue
involves a paradigm shift from electronic signals to light.

5402 | Chem. Soc. Rev., 2025, 54, 5342-5432

However, utilizing electromagnetic waves as information car-
riers in optical signal-processing devices and PICs faces a
formidable challenge—the limited integration and miniaturi-
zation available.”®* This challenge is intricately linked to the
diffraction limit of light in dielectric media, preventing the
confinement of electromagnetic waves into nanoscale regions
significantly smaller than the wavelength of light. Addressing
this issue requires innovative approaches, and one captivating
method involves leveraging the unique properties of plasmonic
nanomaterials. Consequently, proposals for photonic compo-
nents and electronic circuits based on localized plasmonic
resonance have surfaced, demonstrating potential in tackling
the scalability and performance challenges associated with
future plasmonic integrated circuits (Fig. 61).”°> This approach
holds the promise of achieving all-optical processing of optical
signals, thereby enhancing the speed, bandwidth, and overall
capacity of information technology. Simultaneously, it presents
an opportunity to reduce costs and power consumption, align-
ing with the evolving needs of future communication, comput-
ing, sensing, and other fields. This section provides an overview
of recent strides in integrated electronic circuits grounded in
plasmonic properties, including plasmonic emitters, plasmonic

This journal is © The Royal Society of Chemistry 2025
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Fig. 61 Overview of plasmonic integrated circuit components featuring
high functionality on small wafer footprints. Adapted with permission from
ref. 795; Copyright 2012 Springer Nature.

modulators/switchers, plasmonic logic gates, and plasmonic
detectors.

6.1 Plasmonic emitters

Plasmonic emitters or lasers represent a cutting-edge approach to
addressing the challenges of creating highly compact plasmonic
circuits. Unlike traditional lasers that amplify light, plasmonic
lasers operate by amplifying surface plasmons, which are collec-
tive oscillations of electrons at the interface between a metal and
a dielectric. This fundamental difference results in unique

This journal is © The Royal Society of Chemistry 2025
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operational characteristics, particularly due to the strongly con-
fined electromagnetic fields in a plasmonic laser cavity. One of
the key features of plasmonic lasers is their ability to significantly
enhance the spontaneous emission rate via the Purcell effect.”*®
The Purcell effect, named after the physicist Edward Purcell,
describes how the spontaneous emission rate of an emitter can
be modified by its surrounding electromagnetic environment. In
the context of plasmonic lasers, the extremely confined electro-
magnetic fields in the nanocavity result in a dramatically reduced
effective mode volume. According to the Purcell formula F;, oc Q/V,
a smaller mode volume (V) and a sufficiently high quality
factor (Q) lead to a larger Purcell factor (F,), meaning the
spontaneous emission rate is enhanced compared to an emitter
in free space. This effect is particularly pronounced in low-
dimensional plasmonic nanostructures, where the enhance-
ment scales anomalously with frequency. The confined fields
and the Purcell enhancement enable the plasmonic laser to
achieve exceptionally fast response times, even at wavelengths
far from the surface plasmon resonance.

The enhancement of the spontaneous emission rate is
quantified by the p-factor, which represents the fraction of
spontaneous emission coupled into the laser mode compared
to all other modes. A high fS-factor is critical because it reduces
the threshold for stimulated emission, potentially allowing
plasmonic lasers to operate with lower thresholds despite the
inherent high losses in metal-dielectric nanostructures. How-
ever, it is important to note that while the promise of low-
threshold plasmonic lasers is significant, current implementa-
tions still face considerable challenges. The high intrinsic
ohmic losses in metals contribute to relatively high lasing
thresholds, which is a major barrier that researchers continue
to address. Despite this, the potential for plasmonic lasers to
revolutionize ultra-compact photonic circuits keeps them at the
forefront of nanophotonics research.

Plasmonic-luminescent hybrid emitters. The strategy to achieve
high-performance plasmonic emitters involves integrating plasmonic
metal structures with luminescent materials to enhance the
spontaneous emission rate through plasmonic confinement. For
example, Liu and colleagues introduced an innovative method to
tune the lasing wavelength of a single semiconductor nanowire by
leveraging the plasmon-enhanced Burstein-Moss effect (Fig. 62a).”"
The hybrid device comprises fluorescent dyes of a CdS nanowire
positioned on a thin SiO, layer atop an Au film (Fig. 62a-I). This
configuration demonstrated enhanced exciton emission intensity
and recombination rates due to the efficient energy transfer from
surface plasmons to CdS excitons. Moreover, the device exhibited
polarization sensitivity (Fig. 62a-IIl), indicating its potential as a
polarized light source.

Perovskite-plasmonic hybrid emitters. Another type of
plasmonic emitter is the perovskite emitter. Perovskite materials
are one of the exceptional candidates for light-emitting applications
due to their remarkable properties, such as high photoluminescence
quantum yield, tunable bandgap, and long carrier diffusion
lengths.®"” In the perovskite-plasmon configuration, plasmonic
nanostructures can strongly confine and enhance the local
electromagnetic field around them. When a perovskite material
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is placed in proximity to such a structure, the increased field can
enhance the rate of radiative recombination of excitons, leading to
a stronger light emission. This effect is particularly pronounced at
the plasmon resonance frequency, where the field enhancement is
maximal. For instance, lead halide perovskite microplates were
combined with a SiO,-Au hybrid structure to precisely control the
laser emissions in the free space by designing the plasmonic
resonance (Fig. 62b).”°® Besides, the hybrid plasmonic
nanostructures show significant enhancement in emission
intensity due to the strong field confinement and plasmonic
resonance. This enhancement is confirmed through various
experiments, including the observation of sharp emission
peaks and the transition from spontaneous emission to lasing
action. Perovskites can also be combined with waveguides in
confined modes to provide light sources for on-chip PICs. For

5404 | Chem. Soc. Rev., 2025, 54, 5342-5432

instance, Delaunay and co-workers employed an etching-free
lithographic patterning technique to fabricate the plasmonic
waveguides and perovskite laser cavities (Fig. 62c).””° The
integration achieved a low lasing threshold and a propagation
length over 100 pum for the waveguides (Fig. 62¢-1I), demonstrating
effective coupling between the perovskite laser and the waveguide.
This was also confirmed by the spectrum at the end of the
waveguide (Fig. 62c-III). Overall, integrating perovskite materials
with plasmonic nanostructures provides a powerful approach to
developing efficient and compact light-emitting devices. The
enhanced emission for miniaturization makes this integration a
promising strategy for the next generation of optoelectronic devices.
Despite the challenges such as stability and interface optimization,
the synergy between perovskites and plasmonics holds significant
promise for advancing light-emitting technologies.

This journal is © The Royal Society of Chemistry 2025
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Mechanical and chemical tunability. One of the most com-
pelling features for plasmonic emitters is the tunability. This
tunability can be achieved through various mechanisms, allow-
ing for precise control over the emission wavelength, intensity,
and polarization, which is critical for applications in sensing,
imaging, and on-chip photonics.?*® The tunability of plasmonic
emitters can be achieved through a variety of mechanisms,
including mechanical, thermal, electrostatic, chemical, and mag-
netic methods. Among them, tunability via elastic substrates and
chemical materials is highlighted as a representative method. For
instance, plasmonic nanostructures are deposited on a flexible,
stretchable substrate (Fig. 62d).*°° By mechanically stretching or
compressing the substrate, the spacing and arrangement of the
plasmonic nanostructures can be altered, leading to a change in
the plasmon resonance condition. This, in turn, affects the emis-
sion wavelength and intensity of the plasmonic emitter. The
significant advantages of this method are reversible tuning and
a wide tuning range. The mechanical stretching and releasing of
the substrate provide a reversible and dynamic method to tune the
plasmonic emission, which allows for real-time control over the
emitter’s properties. Besides, the extent of the tuning range can be
significant, depending on the elasticity of the substrate and the
initial spacing of the plasmonic structures. This can enable broad
wavelength tuning across a significant portion of the visible or
infrared spectrum. Notably, repeated stretching and releasing of
the substrate can lead to material fatigue, which may degrade the
performance of the device over time. Achieving precise control over
the degree of stretching and the uniformity of the strain applied
across the substrate can be challenging, which may lead to non-
uniform tunability.

Dynamic tunability. Another approach involves the use of
liquid gain materials, such as IR-140 dye molecules, to tune the
emission of plasmonic emitters (Fig. 62¢).>** In this scenario, a
plasmonic structure like a gold nanoparticle array is immersed
in a liquid solution containing the IR-140 dye. The dye mole-
cules act as a gain medium that can be optically pumped,
providing energy to the plasmonic system. The emission char-
acteristics of the plasmonic emitter can be tuned by modifying
the dielectric environment surrounding the gold nanoparticles,
which can be achieved by changing the concentration or com-
position of the dye solution. The significant advantages of this
method are dynamic tunability, enhanced emission, and envir-
onmental sensitivity. Notably, liquid gain materials can suffer
from photobleaching or degradation over time, which may
affect the long-term stability of the plasmonic emitter.

6.2 Plasmonic modulators and switches

Optical modulators are essential components in modern photonic
systems, enabling the control of light signals in various applica-
tions, from telecommunications to sensing and imaging. The
primary function of an optical modulator is to manipulate the
properties of light—such as amplitude, phase, or polarization—by
an external signal, typically electrical or optical. This modulation
allows for the encoding, switching, and routing of data within
photonic circuits, making optical modulators key enablers for
high-speed and high-bandwidth communication systems. While
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traditional optical modulators have proven effective for a wide
range of applications, the demand for more compact, faster, and
energy-efficient devices has led to the exploration of alternative
technologies. Among these, plasmonic modulators have gained
significant attention due to their ability to confine light to sub-
wavelength dimensions, thereby enhancing light-matter interac-
tions far beyond the capabilities of conventional modulators.

Plasmonic modulators leverage the unique properties of
surface plasmons—coherent oscillations of electrons at the inter-
face between a metal and a dielectric. These oscillations can be
strongly confined to nanoscale regions, leading to several key
advantages: (1) ultra-compact size: plasmonic modulators can be
much smaller than traditional optical modulators because they
operate at the nanoscale, confining light to volumes much smaller
than the wavelength of light. This miniaturization is critical for
high-density integration in photonic circuits, allowing for more
compact and scalable designs; (2) high-speed operation: the
enhanced light-matter interaction in plasmonic structures
enables faster modulation speeds, often in the terahertz range.
This makes plasmonic modulators ideal for high-speed data
transmission and processing, far surpassing the capabilities of
conventional modulators; and (3) enhanced modulation depth:
the strong field enhancement associated with surface plasmons
allows for greater modulation depth, meaning that the degree of
change in the optical signal is more pronounced. This can lead to
higher signal contrast and improved performance in optical
communication systems.

Electro-optic plasmonic modulators. These modulators are
classified into three main types based on the mechanism used
to achieve modulation: electro-optic modulators, thermo-optic
modulators, and all-optical modulators. Electro-optic plasmo-
nic modulators utilize an external electric field to alter the
optical properties of a material, thereby modulating the plas-
monic signal. For instance, phase change materials (PCMs)
exhibit changes in electrical and/or optical properties when
switching between two stable states, an amorphous phase and a
crystalline phase, at high speed. Electro-optic plasmonic mod-
ulators are particularly attractive for high-speed applications
due to their rapid response times. For instance, Melikyan and
colleagues developed a high-speed plasmonic phase modulator
(PPM) capable of encoding information in the phase of SPPs at
a remarkable bit rate of 40 Gbit/s (Fig. 63a).5°

The PPM consists of two metal tapers that facilitate the
conversion between photonic and plasmonic modes, and a phase
modulator section located between them. The metal taper, which
narrows at an angle of 15°, acts as an interface between the
silicon photonics and plasmonics, enabling efficient excitation of
the plasmonic resonance by light guided through a silicon
nanowire. The device is exceptionally compact, with a length of
just 29 pm. It also has a flat modulation frequency response up to
at least 65 GHz and maintains thermal stability up to 85 °C.

Thermo-optic and all-optical modulators. Thermo-optic
plasmonic modulators rely on the temperature-dependent
refractive index change in the material surrounding the plas-
monic waveguide. By applying localized heating (through an
electric current or optical beam), the refractive index of the
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material changes, thus modulating the plasmonic signal. While
this method offers relatively straightforward implementation, it
typically results in slower modulation speeds compared to
electro-optic methods. All-optical plasmonic modulators use
light to modulate other light signals through nonlinear optical
effects. In these devices, a control light beam interacts with the
plasmonic structure, inducing a change in the refractive index
of the material, which in turn modulates the signal light. All-
optical modulation is particularly suited for ultra-fast applica-
tions and can be used to achieve high bandwidths. However,
the nonlinear effects required for this type of modulation are
often weak and require intense light fields or specially designed
materials to enhance the interaction.

Micro-racetrack modulator. In addition to the established
methods, recent advancements have introduced innovative
approaches that significantly enhance the performance of plas-
monic modulators. One such advancement is the plasmonic
micro-racetrack modulator, demonstrated by Leuthold and
colleagues.®'® The modulator is based on a micro-racetrack cavity
that combines a plasmonic-organic-hybrid phase-shifter section
with a passive photonic waveguide section (Fig. 63b). A laser
input is introduced into the cavity via a directional coupler, and
the application of voltage to the plasmonic phase shifter causes a
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shift in the resonance wavelength, leading to intensity modula-
tion of the laser output. This device offers an unprecedented
bandwidth of 176 GHz and operates at data rates of up to 408
Gbps with a low driving voltage of only 0.6 Vp. It demonstrates a
28-fold improvement in thermal stability over traditional silicon
microring modulators (thermo-optic modulation), with continu-
ous operation at elevated temperatures (up to 85 °C) without the
need for device-level thermal control. This thermal resilience is
achieved by incorporating a combination of plasmonic and
photonic sections within the feedback waveguide, which allows
for counterbalancing the thermo-optic effects and maintaining
high-efficiency modulation.

6.3 Plasmonic logic gates

Optical logic circuits represent a significant advancement in
computing technology, leveraging the properties of light for
processing and transmitting information. Unlike traditional
electronic logic circuits that rely on electrical signals, optical
logic circuits use photons, the fundamental particles of light, to
perform logical operations such as AND, OR, NOT, and XOR.
This transition from electronic to optical systems is driven by
several factors, including the need for higher data transmission
speeds, lower power consumption, and the miniaturization of
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components. Despite these advantages, optical logic circuits
face challenges, including the need for continuous power to
maintain operations (volatility), large device footprints due to
weak interaction effects, and difficulties in achieving compact
designs. Plasmonic logic circuits leverage the strong confine-
ment of electromagnetic fields in plasmonic structures, which
enhances light-matter interactions. This strong interaction
allows for more efficient modulation and switching, thereby
reducing the power required for operation. Additionally, plas-
monic circuits excel at confining light to dimensions much
smaller than the wavelength of light. The confinement occurs
at the nanoscale, which allows plasmonic devices to be signifi-
cantly smaller than their purely optical counterparts.
Electro-plasmonic logic circuits. Plasmonic logic circuits can
be categorized into three main types based on the mechanism of
signal control and processing: electro-plasmonic logic circuits,
all-optical plasmonic logic circuits, and hybrid plasmonic logic
circuits. The fundamental working principle of electro-plasmonic
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logic circuits revolves around the interaction between electrical
signals and surface plasmons, with the latter being the coherent
oscillations of free electrons at the interface between a metal and
a dielectric. When an electric field is applied, it can modulate the
properties of the plasmonic wave, such as its phase, amplitude,
or polarization. This modulation is achieved through various
mechanisms, including electro-optic effect, carrier injection/
depletion, and electrochemical modulation. For instance, phase
change materials like Ge,Sb,Te; exhibit significant changes in
their optical and electrical properties when transitioning between
their amorphous and crystalline states (Fig. 64a).%"* These prop-
erties enable the creation of non-volatile, compact, and efficient
electro-plasmonic switches that do not require continuous power
to maintain their state, addressing one of the main challenges
faced by conventional optical logic circuits. The integration of
PCMs into electro-plasmonic logic circuits allows for the devel-
opment of various logic gates and memory elements, which are
essential for building more complex computing architectures.
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Integrated electro-plasmonic logic circuits. (a) Schematic of the plasmonic slot waveguide for integrated logic circuits. The amorphous phase

and crystalline phase of PCM (Ge,Sb,Tes) are used for switching of waveguide modes. (b) Schematic diagram of waveguide mode switching and the
corresponding optical electric field distribution. (c) Non-volatile fundamental EO logic operations of AND, OR, NAND, and NOR logic. (d) Sequential logic
circuits. Upper panel: JK latch circuit. Lower panel: T latch circuit. Adapted with permission from ref. 811; Copyright 2021 Springer Nature.
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The ability to switch the state of a PCM using either electrical or
optical signals provides flexibility in circuit design. For example,
the electrical threshold switching mechanism can be applied
directly to the metal of a plasmonic waveguide, eliminating the
need for additional electrodes or external heaters, which con-
tributes to a more compact design (Fig. 64b). Furthermore, the
use of electro-plasmonic switches in logic circuits offers the
potential for implementing non-volatile sequential logic circuits,
such as JK and T latches (Fig. 64c and d), which are critical
for PICs.

In addition to PCMs, electro-plasmonic logic circuits also
explore other materials that offer unique advantages, such as
graphene, transition metal dichalcogenides (TMDs), and transpar-
ent conductive oxides (TCOs). In electro-plasmonic circuits, gra-
phene can be used to achieve dynamic modulation of plasmonic
signals. By applying a voltage, the carrier density in graphene can
be modulated, leading to significant changes in its plasmonic
resonance. This property makes graphene a promising candidate
for developing ultrafast, tunable plasmonic devices with broad
operational bandwidth. Besides, materials such as molybdenum
disulfide (MoS,) and tungsten diselenide (WSe,) exhibit strong
light-matter interactions, making them suitable for use in plas-
monic circuits. TCOs, such as indium tin oxide (ITO), can be used
to modulate plasmonic waves by applying an electric field, which
alters the carrier concentration in the material. This change can
modulate the refractive index, enabling the implementation of
plasmonic logic functions with minimal optical losses.

All-optical plasmonic logic gates represent a significant
advancement in the field of photonic computing, particularly
in the context of free-space excitation. Unlike electro-plasmonic
logic circuits, which rely on electrical signals to modulate
plasmonic waves, all-optical plasmonic logic gates exclusively
utilize light for both input and output operations. Plasmons in
the device interact with each other to produce interference
patterns, which are the basis for logical operations. The key
advantages of this approach are the elimination of electrical
interconnects, which can introduce delays and consume more
power, and the potential for extremely high-speed operation
due to the inherently fast nature of light-matter interactions.

All-optical plasmonic logic gates. One notable example of
all-optical plasmonic logic gates is the use of interconnected
silver nanowires to create a complete family of basic logic
functions (Fig. 65a), including AND, OR, and NOT gates.*'> These
logic operations are achieved by exploiting the polarization and
phase-dependent interference between plasmon beams propagat-
ing through the wire network. The ability to cascade these gates is
crucial for constructing more complex logic functions, such as
the universal NAND and NOR gates, which are essential for
implementing any logic operation. In this setup, the cascading
of OR and NOT gates within a four-terminal branched silver
nanowire network enables the realization of a plasmonic inverse
NOR gate. Quantum dot (QD) near-field imaging is employed to
trace the plasmon wave packets through the network, demon-
strating precise control of optical interferences at the nanoscale.

Organic/metal nanowire heterojunctions. Another innova-
tive approach involves the use of organic/metal nanowire
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heterojunctions to achieve optical modulation and logic opera-
tions. In this method, exciton polaritons in organic nanowires are
coupled with surface plasmons in metal nanowires (Fig. 65b),
allowing for the modulation of the output signal’s intensity.?** The
organic/metal nanowire heterojunctions are selectively grown on
the ends of silver nanowires, and by adjusting the polarization
direction of the incident laser, the absorption coefficient of the
organic nanowire is modulated. This affects the number of exciton
polaritons in the organic nanowire, thereby controlling the inten-
sity of the surface plasmons excited at the heterojunction. The
scattered plasmon intensity at the output port determines the logic
gate’s functionality, with different input conditions yielding var-
ious Boolean logic operations, such as OR and AND gates,
depending on the intensity threshold.

6.4 Plasmonic detectors

In plasmonic PICs, following the generation, routing, and
modulation of surface plasmons, the data must be converted
from the optical domain into the electrical domain, which is
typically achieved via a photodetector. Integrated plasmonic detec-
tors offer several advantages over conventional photodetectors,
particularly in photonic-plasmonic hybrid circuits. These advan-
tages include higher integration densities, low device capacitance
for fast transit times leading to higher bandwidth operations, and
reduced operational energy due to enhanced light-matter interac-
tions. As detectors are scaled down in size, the response time
improves, but this miniaturization often comes at the cost of
reduced sensitivity and responsivity, primarily due to diminished
absorption in the detector’s semiconductor material. This presents
a challenge, as maintaining high sensitivity and responsivity is
critical for effective photodetection.

The challenge of reduced absorption in miniaturized detectors
can be addressed through the use of emerging active plasmonics.
Plasmonic detectors can enhance material absorption through
mechanisms similar to the Purcell effect observed in plasmon
nanolasers, where spontaneous emission is enhanced. Achieving
strong photo-absorption involves increasing the local density of
states within the absorbing semiconductor region without intro-
ducing unwanted quenching channels.

Impedance matching of photodetection. Plasmon-based
photodetection in PICs can be broadly categorized into two scenar-
ios. In the first scenario, optical data arrive in a diffraction-limited
waveguide, such as those found in silicon photonics. Here, the
challenge lies in impedance-mode-matching the large photonic
mode to the much smaller plasmonic mode before it can be
absorbed and detected. Various approaches for nanofocusing light
into deep subwavelength volumes are being explored to overcome
this, including the use of apertures, nanoantennas, and tapered
nanometallic waveguides. Nanoantennas, in particular, are effective
for light harvesting, while photodiodes or photoelectric conversion
materials, such as graphene, convert the harvested light into a
photocurrent.®*®3® A representative example of this is the metal
antenna-graphene heterostructure (Fig. 66a), where the BPVE is
utilized.®** In this structure, non-centrosymmetric metallic
nanoantennas atop graphene flakes act as meta-atoms. By mod-
ulating the doping level and Fermi level of graphene through a

This journal is © The Royal Society of Chemistry 2025
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Fig. 65 All-optical plasmonic logic gates in free-space excitation. (a) Plasmonic metal logic gate. (I) Schematic illustration of the logic gate NOR. (Il)
Optical image of the plasmonic logic gate using the designed Ag NW structure. (lll) The scattering images showing the various logic operations. Adapted
with permission from ref. 812; Copyright 2011 Springer Nature. (b) Plasmonic organic/metal logic gate. (I) Schematic illustration of the organic nanowire
as the logic gate. (Il) Spatial relationship between transition dipole moment and preferred growth direction of organic nanowires. (lll) Bright-field and
photoluminescence microscopy images of the hybrid nanostructure excited at different polarization angles. (VI) Photoluminescence microscopy images
of the device for logic processing. (V) Graphical symbol, scattering spectra, and truth table of the logic processing. Adapted with permission from ref. 813;

Copyright 2012 John Wiley and Sons.

back gate, researchers can control the shift currents, which are
influenced by the plasmonic-enhanced local field. The near-field
distribution and photocurrent intensity depend on the polariza-
tion and intensity of the incident light. This approach highlights
the broader concept of photodetection, where materials respond
to light and convert it into electrical signals.

MIM-based photodetection. In the second scenario, the
optical data carried by the waveguide mode are of a size compar-
able to the size of the nanoscale absorber of the detector,
eliminating the need for an impedance transformer. One promis-
ing solution in this case is the integration of a metal-insulator-
metal (MIM) waveguide with a nanoslit metal-semiconductor-
metal (MSM) photodetector (Fig. 66b).5** This type of detector
serves both as a contact and as a coupler for plasmons, offering
a very fast photoresponse and a high signal-to-noise ratio, making
it suitable for high-bandwidth applications. For example,
polarization-dependent and spectral measurements have shown
that such detectors can achieve e — 1 decay lengths ranging from
3.5 um at a wavelength of 660 nm to 9.5 um at 870 nm. Building
on this concept, recent research by Nijhuis and colleagues has
demonstrated the use of MIM tunnel junctions (MIM-TJs) coupled
to plasmonic waveguides, achieving high-efficiency on-chip

This journal is © The Royal Society of Chemistry 2025

plasmon generation, manipulation, and readout (Fig. 66c).5*°
These MIM-TJs, fabricated on borosilicate coverslips using UV
photolithography, thermal evaporation, and EBL, have shown a
plasmon-electron coupling efficiency of approximately 14%. The
researchers successfully excited and detected SPPs with a propaga-
tion length of 5.2 um for the SPPs. This study underscores the
potential of direct electrical means for efficient on-chip plasmon
generation and detection, which is promising for high-frequency
optoelectronics and future applications in integrated plasmonic
circuits.

Material choices. The choice of materials is crucial for
optimizing the performance and efficiency of photodetection.
Graphene is known for its high carrier mobility, broadband
absorption, and tunable electrical characteristics, which make
it particularly suitable for integration with plasmonic devices.
Germanium (Ge) is another material that has gained significant
attention for photodetection, especially in the telecommunica-
tion frequency band. Germanium offers a high absorption
coefficient (~10* cm™") in the near-infrared range, which is
crucial for detecting light at wavelengths commonly used in
fiber-optic communications. Its compatibility with silicon tech-
nology makes it an ideal candidate for integration into silicon-
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permission from ref. 815; Copyright 2017 Springer Nature.

based photonic and plasmonic circuits. In addition to graphene
and Ge, III-V semiconductors such as gallium arsenide
(GaAs) and indium phosphide (InP) are also commonly used
in plasmonic detectors. These materials offer strong optical
absorption and can be engineered to operate at specific wave-
lengths, making them versatile for various photonic applica-
tions. Their integration with plasmonic structures can lead to
enhanced photodetection due to the strong confinement of
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light within the semiconductor material, which increases the
interaction between light and the active region of the detector.

Overall, the development of plasmonic detectors represents a
significant advancement in PICs, offering the potential for high-
speed, low-power, and highly integrated optical-electrical con-
version. These detectors are crucial components in the ongoing
evolution of plasmonic circuits, enabling new functionalities
and improving the performance of photonic systems.
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6.5 Section summary

This section reviews recent advances in integrated electronic
circuits leveraging plasmonic properties. It covers plasmonic
emitters, modulators/switchers, logic gates, and detectors, and
highlights their role in pushing the boundaries of next-
generation electronics. Despite these strides, significant chal-
lenges remain in PIC applications.

One of the foremost challenges in plasmonic PICs is mana-
ging energy attenuation, a persistent issue in both electronic
and plasmonic circuits. In electronic circuits, transistors mod-
ulate gate voltages and currents to process signals, while in
plasmonic circuits, signal processing is reliant on the propaga-
tion of light intensity and polarization. This shift in paradigm
requires the integration of repeaters and switches, with quan-
tum dots serving as signal amplification materials. By directing
excitation light onto waveguides, these repeaters can amplify
signals while maintaining their original characteristics. How-
ever, the energy consumption within these integrated circuits
primarily arises from scattering at junctions, thermal losses,
and amplification materials for the light source. While heating
losses are inevitable, they are relatively minor compared to
scattering losses at junctions. Implementing total internal
reflection dielectric covers at these junctions can significantly
reduce energy waste. Despite these challenges, the overall
energy consumption of plasmonic chips is anticipated to be
considerably lower than that of electronic chips, as all opera-
tions are based on the propagation and interference of plas-
mons rather than electrical currents.

Another significant challenge is the fabrication of the var-
ious components on a single platform. PICs involve multiple
elements, including plasmonic emitters, modulators, logic
gates, switchers, and detectors, each with its own set of
fabrication requirements. Achieving high levels of integration
while ensuring compatibility between these diverse elements is
a complex task. The fabrication process must address issues
such as material compatibility, precision alignment, and mini-
mizing losses at interfaces between different components.
Additionally, the scale at which these components must be
manufactured adds another layer of complexity, as even minor
imperfections can lead to significant performance degradation.
Overcoming these challenges is crucial for the development of
fully integrated plasmonic PICs that can meet the demands of
modern optical communication systems.

Heat management and loss reduction are also critical chal-
lenges in plasmonic PICs. As plasmonic circuits operate at the
nanoscale, they are prone to significant heat generation, espe-
cially at junctions where scattering and material imperfections
can lead to increased losses. Managing this heat is vital for
maintaining the stability and performance of the circuits.
Advanced materials and design techniques, such as incorpor-
ating thermal conductive layers or using materials with lower
scattering losses, are being explored to mitigate these issues.
However, striking a balance between reducing heat generation
and maintaining efficient signal propagation remains a delicate
challenge.
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7. Conclusions and future perspectives
7.1 Conclusions

In summary, we present a detailed and comprehensive review
of integrative plasmonics—from underlying mechanisms to device
applications. It begins by exploring various optical phenomena in
plasmonics, such as plasmon-phonon coupling, nonlinear optical
effects, EIT, plasmonic chirality, nanocavity resonance, and wave-
guide resonance. The discussion then extends to advanced strate-
gies for enhancing plasmonic responses beyond traditional single-
effect phenomena. These include designing hybrid nanostructures
to confine light at subwavelength scales and boost near-field
interactions. Utilizing 2D materials such as graphene for dynamic
tuning promotes stronger field enhancements and nonlinear
processes. Then, we emphasize the synergy between plasmonic
effects and other domains including acoustics, electronics, and
thermal technologies. For example, plasmon-induced local heating
can trigger thermoacoustic effects that generate ultrasound for
high-contrast imaging or even for therapeutic interventions like
tumor ablation. Collectively, these fusion strategies are paving the
way for multifunctional platforms capable of simultaneous ima-
ging, sensing, and treatment, thereby broadening applications in
molecular diagnostics, energy conversion, and PICs.

Based on these discussions, several key advantages of plas-
monic optical multi-effects and electric-acoustic-thermal fusion
emerge.

(1) Enhanced device performance: multi-effects, such as
those derived from plasmon-phonon coupling, significantly
improve the overlapping of molecular fingerprint spectra in infra-
red spectroscopy.” Besides, they lead to increased sensitivity and
lower detection limits in molecular diagnostics, higher conversion
efficiency in energy harvesting, reduced energy consumption and
extended transmission distances in photonic circuits, and more.

(2) Enabling new functionalities: integrative plasmonics
allows for the realization of new functionalities that are chal-
lenging to achieve with single-field technologies. For instance,
the fusion of plasmonic and BPVE facilitates zero-bias
photodetection,®** a capability that traditional approaches
struggle to deliver.

(3) Expanded application range: by combining plasmonic
effects with acoustic, photoelectric, and thermal technologies,
integrative plasmonics enables the simultaneous execution of
multiple functions, such as imaging, diagnosis, and treatment,
within a single platform.?*® This multifunctionality is particu-
larly valuable in medical diagnostics and therapy, where inte-
grated approaches can lead to more comprehensive and
effective solutions.

7.2 Challenges

While the works highlighted in this review offer promising
solutions for integrative plasmonics, the field remains in its
early stages due to the complexity of multiple mechanisms and
interdisciplinary approaches. Currently, integrative plasmonics
still faces challenges. Below are some personal insights into
these challenges. It is important to note that listing these
challenges is intended to foster timely discussion and progress
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in the field, rather than to diminish the efforts of many
colleagues or the significant advances already made.

(1) Challenges in integrating optical multi-effects on the
same platform. Designing multi-functional nanostructures in
plasmonics is challenging, as it requires integrating multiple
optical effects while optimizing different plasmonic modes with
varying spatial, spectral, and material requirements. Effect
synergy and optimization pose additional difficulties, as different
plasmonic effects, such as SERS, SEF, and LSPR, often have
conflicting design requirements and resonant conditions, mak-
ing their integration complex. Balancing the spatial distribution
of localized electromagnetic fields is another critical challenge, as
different effects require specific field configurations, demanding
precise control over nanostructure geometry, size, and material
composition to ensure optimal performance.

(2) Challenges in fusing acousto-optical-electric-thermal
effects via plasmons. Integrating optical, electric, acoustic, and
thermal mechanisms in plasmonics is challenging due to their
distinct operational principles and requirements. A major diffi-
culty lies in designing plasmonic systems that effectively combine
these diverse effects while maintaining high performance. The
lack of a comprehensive theoretical framework further compli-
cates integration, as existing models are specialized and do not
fully describe cross-domain interactions. Additionally, finding
materials that perform well across all domains is difficult, as
most are optimized for only one or two effects. Hybrid or
composite materials offer a potential solution but require careful
design to achieve balanced multifunctionality.

(3) Challenges in molecular diagnostics applications based
on integrative plasmonics. A primary challenge in plasmonic
biosensing is achieving high sensitivity across various techni-
ques, such as SERS and SEIRAS, by optimizing hotspot enhance-
ment. This requires developing materials and structures that
amplify weak signals from low-concentration analytes while
maintaining high sensitivity across different spectral regions.
Ensuring selectivity in complex biological environments is
another challenge, as background interference can compromise
molecular specificity. Reproducibility is also critical, with varia-
bility in substrate manufacturing and environmental conditions
affecting consistent performance. Stability of plasmonic sub-
strates under fluctuating experimental conditions is essential
for reliable long-term applications, especially in clinical diagnos-
tics. Finally, cost-effectiveness remains a significant challenge,
particularly in point-of-care testing, where affordable, scalable
manufacturing is needed for widespread implementation.

(4) Challenges in energy conversion applications. Firstly,
multifunctional and highly efficient integrated energy harvesters
are capable of capturing energy from a variety of sources, but their
design and optimization require further in-depth exploration to
enable their application in a broader range of operational scenarios.
Additionally, in the material design and engineering of plasmon-
enhanced energy conversion, achieving effective utilization of the
entire solar spectrum and exerting control over broadband energy
capture remain a complex endeavor. Furthermore, achieving a
balance between miniaturization and performance, as well as relia-
bility, in plasmonic energy harvesters remains a pivotal challenge.
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(5) Challenges in plasmonic PICs. Plasmonic PICs face
challenges in managing energy attenuation, primarily due to
scattering losses at junctions and thermal dissipation. Imple-
menting repeaters with quantum dots and total internal reflec-
tion dielectric covers can help mitigate these losses. Fabrication
complexity is another issue, as integrating diverse components
like emitters, modulators, and detectors requires precise align-
ment and material compatibility. Heat management is also
critical, as nanoscale plasmonic circuits generate significant
thermal losses, necessitating advanced materials and design
strategies to balance efficiency and stability.

7.3 Future perspectives

Looking forward to the future development of integrative
plasmonics, efforts can be invested along the current develop-
ment path to solve the above challenges. Additionally, based on
the advances made in integrative plasmonics, some personal
insights are proposed to propel the discipline toward sustained,
high-quality progress in mechanism advancements, material
innovations, technological breakthroughs, and application
expansion, as illustrated in Fig. 67.

7.3.1 Innovative mechanisms. (1) Quantum plasmonics
integration: as integrative plasmonics continues to evolve, one
promising avenue is the incorporation of quantum mechanics into
plasmonic systems.®'®*'” Quantum plasmonics explores the inter-
action of plasmons with quantum states of light, such as single
photons, quantum entanglement, and squeezed states. By lever-
aging quantum effects, integrative plasmonics can transcend
classical limitations, enabling the development of ultrafast, low-
power photonic devices with enhanced sensitivity.**® This can be
particularly impactful in quantum sensing and quantum commu-
nication, where the ability to manipulate and detect individual
quanta is crucial. The integration of quantum effects with tradi-
tional plasmonic phenomena, such as LSPR, could lead to the
discovery of new quantum-assisted mechanisms that enhance the
efficiency and functionality of plasmonic devices. For example,
quantum plasmonic circuits could revolutionize fields like quan-
tum computing and quantum cryptography,®'® offering new para-
digms for information processing and security.

(2) Spintronics and plasmonics: spintronics, which exploits
the spin of electrons in addition to their charge, offers new
possibilities for manipulating light-matter interactions in plas-
monic systems. The integration of spintronic principles with
plasmonics, often referred to as spin-plasmonics, has the
potential to create devices that utilize the spin degree of free-
dom to control plasmonic excitations. This can lead to novel
applications in information processing, where the combination
of spintronics and plasmonics could enable the development of
spin-based plasmonic transistors, spin filters, and logic gates.
Recent research has shown that materials such as ferromag-
netic metals and topological insulators can be used to control
plasmonic modes via spin-orbit coupling, making spin-
plasmonics a promising area for future exploration.®*°

(3) Topological plasmonics: topological photonics, which
draws on concepts from topological insulators, explores the
robust propagation of light along the edges of photonic

This journal is © The Royal Society of Chemistry 2025
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structures without backscattering.**' When combined with

plasmonics, topological plasmonics can enable the creation
of plasmonic modes that are immune to defects and disorders,
thus offering new routes for robust and energy-efficient photo-
nic devices. Early research in this area has demonstrated the
existence of topologically protected plasmonic edge states in
certain photonic crystals and metamaterials.®** These edge
states could be utilized in applications such as robust plasmo-
nic waveguides, sensors, and on-chip communication devices,
where immunity to scattering and losses is crucial.

7.3.2 Advanced materials. (1) Topological insulators and
Dirac semimetals: topological insulators (TIs) and Dirac semi-
metals are materials that exhibit unique electronic surface
states, which are protected by time-reversal symmetry. These
materials have recently attracted attention for their potential in
plasmonics due to their ability to support low-loss plasmonic
modes. The surface states in TIs, such as Bi,Se; and Bi,Te3, can
support spin-polarized surface plasmons that are robust
against backscattering.®”® Similarly, Dirac semimetals like
Cd;As, and NazBi exhibit linear energy dispersion and can
support long-lived bulk plasmon modes.®** The integration of
these materials with conventional plasmonic structures could
lead to the development of novel plasmonic devices with
enhanced performance and robustness, particularly in applica-
tions requiring high efficiency and low loss, such as on-chip
photonic circuits and quantum plasmonics.

(2) Biomolecule-based plasmonic nanocomposites: plasmo-
nic materials combined with biological molecules, such as
DNA, represent a cutting-edge area of research with tremen-
dous potential, particularly in biosensing, nanomedicine, and
molecular electronics.’”® These hybrid materials leverage the
unique properties of both plasmonic nanoparticles and

This journal is © The Royal Society of Chemistry 2025

biological macromolecules, offering new functionalities that
are not possible with traditional materials. Below are some of
the most promising avenues for this kind of material: (I) DNA-
directed assembly of plasmonic nanostructures: DNA’s ability to
specifically bind to complementary sequences makes it an excel-
lent tool for directing the assembly of plasmonic nanoparticles
into well-defined structures.®*® This DNA-mediated assembly
allows for the precise control of nanoparticle spacing and orien-
tation, which is crucial for tuning the plasmonic properties of the
resulting nanostructures. For example, DNA can be used to create
dimers, trimers, or even larger assemblies of gold or silver
nanoparticles, leading to plasmonic “hot spots” where electro-
magnetic fields are highly concentrated.’”” These hot spots are
particularly valuable in SERS and other plasmonic sensing appli-
cations, where the sensitivity of detection is greatly enhanced. (II)
DNA origami and plasmonic nanostructures: DNA origami
involves folding a long single-stranded DNA molecule into
complex shapes with the help of short “staple” strands.??® This
method allows for the creation of nanoscale structures with
precise geometries. When combined with plasmonic nano-
particles, DNA origami can be used to position these nano-
particles with nanometer precision, creating custom-designed
plasmonic structures with tailored optical properties. (III) Plas-
monic nanoswitches based on DNA conformation changes: DNA
molecules can undergo significant conformational changes in
response to various stimuli, such as changes in ionic strength,
temperature, or the binding of specific ligands.®*® These con-
formational changes can be exploited to create plasmonic nanos-
witches, where the optical properties of plasmonic nanoparticles
are modulated by the state of the attached DNA molecules.

(3) Plasmon-hydrogel hybrids: plasmonic materials com-
bined with hydrogels represent an exciting and rapidly

Chem. Soc. Rev., 2025, 54, 5342-5432 | 5413
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developing area of research.®*® The combination of these two
materials results in a versatile platform with a wide range of
potential applications, particularly in biosensing, drug delivery,
and smart materials. Below are some of the most promising
avenues for this kind of material: (I) stimuli-responsive plas-
monic hydrogels: hydrogels can respond to various external
stimuli, such as pH, temperature, light, and the presence of
specific chemicals or biomolecules.®** When plasmonic nano-
particles (e.g., gold or silver nanoparticles) are embedded
within a hydrogel matrix, the hybrid material can exhibit
significant changes in its optical properties in response to
these stimuli. This change is primarily due to the alteration
of the interparticle distance within the hydrogel, which affects
the plasmonic coupling between the nanoparticles. (II) Plas-
monic hydrogels for controlled drug delivery: one of the most
promising applications of plasmon-hydrogel hybrids is in
controlled drug delivery.®** The hydrogel matrix can encapsu-
late drugs, while the plasmonic nanoparticles enable remote
control over the release of these drugs through light-induced
heating. When exposed to specific wavelengths of light, the
plasmonic nanoparticles generate localized heat (via the photo-
thermal effect), which can induce the hydrogel to undergo a
phase transition (e.g., from a swollen to a collapsed state),
releasing the encapsulated drugs in a controlled manner. (III)
Optomechanical actuators: plasmon-hydrogel composites can
also be used to create optomechanical actuators.®** These are
devices that convert optical energy into mechanical motion.
When plasmonic nanoparticles embedded in a hydrogel absorb
light, the localized heating can cause the hydrogel to swell or
shrink, resulting in mechanical movement. This optomechani-
cal response can be finely tuned by adjusting the composition
of the hydrogel and the size, shape, and concentration of the
plasmonic nanoparticles.

7.3.3 Cutting-edge technologies. (1) Machine learning and
artificial intelligence: artificial intelligence methods dominated
by machine learning have been widely used in fields such as
science, materials, and engineering.®**#3® The fusion of integra-
tive plasmonics with ML and Al represents a transformative
approach to optimizing plasmonic systems. ML algorithms can
be employed to design and predict the behavior of plasmonic
structures, identifying optimal configurations that maximize per-
formance for specific applications. For example, Al-driven design
tools can rapidly explore the vast parameter space of plasmonic
nanostructures, accelerating the discovery of new materials and
configurations that enhance multi-effect plasmonic responses.**’
Furthermore, Al can aid in the real-time processing of data from
plasmonic sensors, enabling more accurate and rapid detection of
biological and chemical analytes.”®® In addition to Al-assisted
design and data processing, a critical and transformative aspect of
integrating AI with plasmonics lies in the Al-driven decision-
making process. This step involves utilizing AI algorithms to
make informed and adaptive decisions based on the processed
data, enabling plasmonic systems to respond dynamically to
changing conditions or specific tasks.** Additionally, the synergy
between Al and integrative plasmonics can also extend to adaptive
photonic circuits, where AI algorithms dynamically adjust circuit
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parameters to optimize performance, thus paving the way for
smart photonic systems with self-learning capabilities.

(2) Edge computing and in-sensor computing: edge comput-
ing involves processing data closer to the data source, minimizing
latency and reducing the need for data to be sent to centralized
servers. Plasmonic sensors can be integrated into edge computing
systems to provide real-time, on-site data processing with high
sensitivity and specificity. The strong LSPR of plasmonic nanos-
tructures enables the detection of minute changes in the local
environment, making them ideal for applications where rapid and
precise measurements are critical.*** In-sensor computing takes
the concept of edge computing further by embedding computa-
tional capabilities directly within the sensor itself. This approach
allows for the immediate processing of data at the point of
capture, reducing the need for data transmission and enabling
even faster decision-making.®*' Key advantages include reduced
latency, high energy efficiency, reduced data bottlenecks, and
autonomous decision-making.

(3) Integrating plasmonics with optogenetics and neuroen-
gineering: optogenetics traditionally uses light to control neu-
rons and other cells that have been genetically modified to
express light-sensitive ion channels. By combining plasmonic
nanostructures with optogenetic tools, researchers can enhance
the spatial and temporal resolution of light delivery, as well as
introduce new functionalities that were previously unattainable.
For instance, in the absence of NIR-activated opsins, upconver-
sion nanoparticles can be used as light-emitting transducers for
nanoparticle-mediated optogenetics.**> In neuroengineering,
plasmonics can improve neural interface performance.®** By
using plasmonic nanoparticles to enhance the delivery and
localization of light, more precise control of neuronal activity
can be achieved. This enhanced precision is crucial for mapping
neural circuits and understanding brain function. Moreover,
plasmonic nanoparticles can generate localized heat through
thermoplasmonic effects, which can be used to modulate neural
activity in a controlled manner. For example, AuNRs can be used
to activate temperature-sensitive ion channels in neurons,
allowing for precise neuromodulation using NIR light.*** This
approach reduces the need for invasive procedures, as NIR light
can penetrate deeper into tissues compared to visible light.

7.3.4 Pioneering applications. (1) 5G and 6G Telecommu-
nications: the transition from 5G to 6G in telecommunications
demands significant advancements in data transmission rates,
latency reduction, and reliability enhancement.**® Plasmonics,
with its unique ability to confine and manipulate light at sub-
wavelength scales, offers a promising solution to overcome these
challenges. Plasmonic devices, such as plasmonic modulators and
waveguides, can operate at terahertz frequencies, providing the
ultra-fast signal processing required for 6G networks.**® Addition-
ally, the compact size and high-speed capabilities of plasmonic
components make them ideal for integration into photonic cir-
cuits, which are essential for next-generation telecommunications
infrastructure. The future potential of plasmonics in 6G lies in its
ability to enable higher data density and faster data transfer rates,
thus supporting the massive connectivity and enhanced mobile
broadband needed for 6G applications.

This journal is © The Royal Society of Chemistry 2025
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(2) Augmented reality (AR) and virtual reality (VR): the
demand for more immersive AR and VR experiences is driving
the need for advanced optical components that can deliver high-
resolution, real-time visual processing.**”#* Plasmonics can
significantly enhance AR/VR technologies by enabling the devel-
opment of miniaturized, high-performance optical devices such as
lenses, waveguides, and holographic displays.**® Plasmonic meta-
surfaces, for example, can manipulate light with sub-wavelength
precision, enabling the creation of ultra-thin, flat optical elements
that can be seamlessly integrated into AR glasses or VR
headsets.®>" These plasmonic components can improve image
quality, reduce latency, and enhance the overall user experience
by providing faster and more accurate visual processing.

(3) Point-of-care testing (POCT): POCT represents a para-
digm shift in medical diagnostics by enabling rapid, on-site testing
at the patient’s location, such as in a doctor’s office, clinic, or even
at home.*”>**® The incorporation of plasmonic technologies into
POCT platforms offers several advantages. Plasmonic-based POCT
devices can provide real-time results with high accuracy and
sensitivity, which are crucial for the timely diagnosis and manage-
ment of diseases. These devices can be miniaturized and designed
for ease of use, allowing non-specialists to perform complex
diagnostic tests quickly and accurately. For instance, plasmonic-
enhanced lateral flow assays, which are widely used in POCT, can
offer improved sensitivity for detecting biomarkers related to
infectious diseases, cancer, and cardiovascular conditions.®®
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