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Surface-enhanced Raman spectroscopy (SERS) has evolved significantly over fifty years into a powerful
analytical technique. This review aims to achieve five main goals. (1) Providing a comprehensive history
of SERS's discovery, its experimental and theoretical foundations, its connections to advances in
nanoscience and plasmonics, and highlighting collective contributions of key pioneers. (2) Classifying
four pivotal phases from the view of innovative methodologies in the fifty-year progression: initial
development (mid-1970s to mid-1980s), downturn (mid-1980s to mid-1990s), nano-driven
transformation (mid-1990s to mid-2010s), and recent boom (mid-2010s onwards). (3) Illuminating the
entire journey and framework of SERS and its family members such as tip-enhanced Raman
spectroscopy (TERS) and shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) and
highlighting the trajectory. (4) Emphasizing the importance of innovative methods to overcome
developmental bottlenecks, thereby expanding the material, morphology, and molecule generalities to
leverage SERS as a versatile technique for broad applications. (5) Extracting the invaluable spirit of
groundbreaking discovery and perseverant innovations from the pioneers and trailblazers. These key
inspirations include proactively embracing and leveraging emerging scientific technologies, fostering
interdisciplinary cooperation to transform the impossible into reality, and persistently searching to break
bottlenecks even during low-tide periods, as luck is what happens when preparation meets opportunity.
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1. Introduction

Half a century ago, in 1974, M. Fleischmann, P. J. Hendra, and
A. J. McQuillan of the University of Southampton reported
unexpected and high-quality potential-dependent surface
Raman spectra from pyridine adsorbed on a silver (Ag) elec-
trode roughened by an electrochemical method." Stunned by
the results, R. P. Van Duyne and D. L. Jeanmaire of North-
western University meticulously reproduced the experiments,
and determined that the effective Raman scattering cross-
section from adsorbed pyridine was enhanced by 10°-10° times.
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Their paper was published at the end of 1977 after a multi-year
and multiple journal review process, as the so-called surface
enhancement effect was initially met with strong skepticism.” In
the same year, J. A. Creighton and M. G. Albrecht of the University
of Kent independently reported a similar result.® Following these
discoveries, several mechanisms were proposed to explain the
abnormally intense Raman scattering on the surface. The widely
accepted surface plasmon mechanism was put forward by M.
Moskovits of the University of Toronto in 1978.* Subsequently, the
effect was officially named surface-enhanced Raman scattering
(SERS) in 1979 by Van Duyne.?
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The process of making a groundbreaking discovery by these
key pioneers that open a new scientific field was intricate and
challenging. It often involved pushing the boundaries of exist-
ing beliefs and theories, requiring individuals to think outside
the box and challenge conventional understanding. Four criti-
cal elements in the process including experiments, new con-
cepts, theoretical explanations, and naming of the observed
effect are vital for significant scientific breakthroughs such as
SERS, as illustrated in Fig. 1.

1. A new phenomenon is observed in experiments and
documented faithfully: by conducting experiments and care-
fully observing unexpected phenomena, scientists can uncover
new information that challenges existing knowledge or reveals
previously unknown patterns or behaviors. The experimental
observation was the starting point of the discovery journey
to SERS.

2. Novel concepts are introduced: once unexpected phenom-
ena are observed, scientists must develop new concepts or ideas
to explain these observations. This often involves thinking
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creatively and outside the box to propose novel theories that
can account for observed data.

3. Theoretical models/explanations are developed to support
these concepts: after introducing new concepts, scientists must
then develop theoretical explanations to support these ideas.
This involves creating models, equations, or frameworks that
can explain the underlying mechanisms behind the observed
phenomena and predict future outcomes.

4. An appropriate name is provided for the observed effect:
naming the observed effects is an important step in solidifying
scientific discovery and communicating it to the wider scien-
tific community. The name should accurately reflect the nature
of the effect and make it easier for other researchers to
reference and build upon the discovery.

In the scientific community, every individual who contri-
butes to these key steps plays a vital role. Without the collective
efforts of these pioneers, the emergence of new research areas
and the expansion of scientific knowledge would not have been
possible.
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Fig.1 Four key elements in the process of discovering the surface-
enhanced Raman scattering effect.

Similar to that of SERS, the discovery of the Raman effect
about a century ago was not accomplished in one stroke.
Smekal predicted the inelastic scattering of light after interac-
tions with molecules utilizing classical quantum theory in
1923.° However, the experimentalists at that time did not take
note of the theory, probably because the concepts of quantum
mechanics were not completely understood. In 1928, Raman
and Krishnan observed the scattered secondary radiation with
degraded frequency in 60 liquids and vapors and later named
the inelastic scattering the Raman effect.””® In the same year,
Landsberg and Mandelstam accidentally observed a similar
effect in quartz and Iceland spar while studying the change of
wavelength in scattering based on the Debye’s theory of specific
heat in solids.”'® Generally, the publications by Raman’ and
Landsberg® are considered landmarks in the discovery of the
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Raman effect."" The discovery not only promoted the develop-
ment of quantum theory, but also fostered an important
method for qualitative and quantitative chemical analysis.
Two years later, Raman was awarded the Nobel Prize in physics
for his work on the scattering of light and the discovery of the
Raman effect. However, Raman scattering is a weak effect, with
a typical cross-section of about 10° and 10™* times lower than
that of the infrared absorption and fluorescence processes,
respectively.'” Since the birth of Raman spectroscopy, detection
sensitivity has always been a major challenge hindering the
smooth development and broad application of Raman
spectroscopy.

Breaking developmental bottlenecks in a scientific field
often requires the introduction of new science and technology.
In the 1960s, the invention and introduction of lasers had
greatly improved sensitivity and expanded applications of
Raman spectroscopy. However, it was still extremely difficult
to apply Raman spectroscopy in the study of surface science
until the discovery of SERS (Fig. 2). The emergence of SERS
revolutionized surface spectroscopy and analytical science by
eliminating the inherent limitation of low detection sensitivity
in surface Raman spectroscopy. Nevertheless, the upsurge
following the discovery of SERS was regrettably short-lived.
From the mid-1970s to the mid-1980s, SERS could only be
realized on roughened substrates and colloids composed of
“free-electron-like”” metals, mainly Ag, Au and Cu. The lack of
substrate and surface generalities severely limited the accep-
tance of SERS by the community of surface science, electro-
chemistry, corrosion, catalysis and other industries. Many
research groups were gradually exiting the field, causing a
low-tide from the mid-1980s to the mid-1990s.

Similar to the reactivation of Raman spectroscopy by SERS,
the rapid advancements in nanoscience since the 1990s
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First SERS 105~108 LSP Naming the Theoretical
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Fig. 2 Atimeline of historical advances in Raman effect, SERS, and related revolutionizing science and technologies. The invention and introduction of the lasers
in the 1960s expanded the applications of Raman spectroscopy. Advancements in nanoscience in the 1990s boosted the second upsurge of the SERS field. EF:
enhancement factor; LSP: localized surface plasmon; NP: nanoparticle; SM: single-molecule; TERS: tip-enhanced Raman spectroscopy; SHINERS, shell-isolated
nanoparticle-enhanced Raman spectroscopy; SE-FSRS: surface-enhanced femtosecond stimulated Raman spectroscopy.

provided a boost for SERS, which regained widespread interest
in the mid-1990s and thereafter experienced a resurgence until
today. In this period, innovative nanomaterial synthesis, nano-
fabrication and characterization techniques enabled the evolu-
tion of SERS substrates from micrometer-scale ill-defined
rough electrodes to tens of nanometer-scale well-defined
nanoparticles.'® High-quality SERS spectra from a single mole-
cule adsorbed on Ag and Au nanoparticles had been obtained,
marking SERS as one of the most promising tools for single-
molecule science and trace analysis.'*">

In parallel, the urgent need to develop high-spatial resolu-
tion techniques and characterize atomically flat single-crystals
in surface science gave rise to two important variants of SERS:
tip-enhanced Raman spectroscopy (TERS)'™" and shell-
isolated = nanoparticle-enhanced @ Raman  spectroscopy
(SHINERS).*® Both methods produced intense Raman signals
from undisturbed surfaces of general materials, breaking the
bottlenecks of surface and material generalities of SERS.*'
Thereafter, the application fields of SERS have been expanded
from surface chemistry to material characterization, bioanaly-
sis, drug analysis, food safety, and environmental monitoring,
etc.,”’* which have enormously increased the impact and
promise of SERS.

In the past 50 years, SERS has gone through a tortuous path
to develop into a powerful diagnostic method. Due to the length
of the review, this retrospect describes four important stages of
the SERS field from the view of experimental and theoretical
methods in the fifty-year progression. First, we recall the history
of the birth of SERS and discuss the milestone works in the
initial 10 years, i.e., from 1974 to the ~mid-1980s, during
which the main experimental and theoretical foundations of
SERS were established. Then we discuss the low-tide period
(mid-1980s to mid-1990s) and the second upsurge of SERS
research profoundly boosted by nanoscience (nano-driven
SERS), which laid the key foundation and triggered an expo-
nential increase in interest in the SERS field for the subsequent
2 decades. We conclude by presenting the notable methods of
recent decades, which have significantly pushed the bound-
aries in terms of detection sensitivity and spatial resolution of
SERS, TERS, and SHINERS.

We believe that a deep analysis of the discovery and break-
throughs of SERS highlights the invaluable spirit of

This journal is © The Royal Society of Chemistry 2025

groundbreaking innovation and perseverance demonstrated
by the pioneers and trailblazers over the past 50 years. The
lessons contemporary researchers can draw from this history
are rich and profound: they involve not blindly believing in
authority but being willing to challenge established knowledge
to break developmental bottlenecks; proactively embracing and
leveraging emerging scientific technologies to lead to revolu-
tionary advancements; encouraging interdisciplinary coopera-
tion to transform the seemingly impossible into reality; and
bravely recognizing that great discoveries and observations are
often achieved even with incomplete or incorrect explanations.

There have been over 800 reviews and books on SERS from
different perspectives, so it is impossible for us to comprehen-
sively present the whole story of the birth and advancement of
SERS in all its details. Instead, we focus on innovative experi-
mental and theoretical methods, as they form the core of this
new field and continuously break developmental bottlenecks.
We hope this review serves as a treasured reminder of the
importance of innovation, perseverance, and collaboration in
any scientific research, offering invaluable insights and inspira-
tion for future generations of researchers.

2. The foundation of surface-
enhanced Raman spectroscopy (mid-
1970s-mid-1980s)

SERS has become one of the most important branches of
Raman spectroscopy and vibrational spectroscopy in the past
two decades, providing ‘“molecular fingerprint” information
with exceptionally high sensitivity.** It greatly transformed the
capabilities and applications of Raman spectroscopy. Thus, we
briefly recall the early days of the Raman effect before reviewing
the discovery of SERS, drawing inspiration by comparing the
discovery history of these great scientific fields.

2.1 Theoretical prediction and experimental discovery of the
Raman effect

About a century ago, the Austrian physicist A. G. Smekal, whose
scientific interests were focused on applying new quantum
theories to different areas of physics, theoretically predicted
the inelastic scattering of light from gases, liquids, or solids at

Chem. Soc. Rev,, 2025, 54, 1453-1551 | 1457
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wavelengths different from those of the usual monochromatic
incident radiation. Smekal utilized the classical quantum the-
ory, by which he assumed that light had a quantum structure
and showed that scattered monochromatic light would consist
of its original wavelength as well as higher and lower wave-
lengths. The related paper was subsequently published in a
German-language journal in 1923.° The key equations are
shown as followed,

My? My”?
hv-i—T-i-Em:T‘i‘En (En > Ep) 1)
My My
T —+ Em = T —+ En —+ hV/ (En < Em) (2)

where h is the Planck constant, v is the frequency of the
monochromatic radiation, M is the mass of the atom or the
molecule, v and v’ are the velocities of the atom or the molecule
before and after the interaction with the incident radiation. E,,
and E,, are the energies of every atom or molecule that is in their
mth or nth quantum state with the energy E,, and E,.

Five years later, the phenomenon was first discovered
experimentally by the Indian scientist C. V. Raman. In the
paper published in the Indian J. Phys., Raman described the
experimental phenomenon of scattered secondary radiation
and gave spectroscopic evidences.® The paper was delivered
on March 16, 1928, and published on March 31, 1928. Mean-
while, Raman and Krishnan’s article “A New type of secondary
radiation”, published in Nature,” reported the observation of
frequency-varying secondary scattering radiation in 60 solu-
tions and vapors. The work was sent out on February 16, 1928,
and published on March 31. They pointed out that the scattered
light was polarized and of great intensity to rule out the
possibility of fluorescence. The effect was then named after
Raman as the Raman effect, which was also known as the
Smekal-Raman effect in some German-speaking districts.*®

Almost at the same time, the former Soviet Union (now
Russian) scientists G. S. Landsberg and L. I. Mandelstam,
accidentally observed the similar effect in quartz and Iceland
spars while studying the Brillouin scattering in solids.” The
work was first published in the French-language journal Comp-
tes Rendus on July 9, 1928,"° and then in the German-language
journal Die Naturwissenschaften four days later,” which were the
earliest articles reporting Raman effects in solids. In some
reviews,"! these two pieces of work by Raman and Landsberg
are considered as the landmark of the discovery of the Raman
effect. The discovery of the Raman effect had far-reaching
consequences for scientific research in physics and chemistry.
Two years after the experimental discovery, C. V. Raman was
awarded the 1930 Nobel Prize in Physics ‘for his work on the
scattering of light and for the discovery of the effect named after
him.”

Anything that is strong and excellent often also has its
weaknesses and less favorable aspects. Raman scattering, clas-
sified as a two-photon process, exhibits a scattering cross-
section for molecules that is approximately 10° to 10™* times
smaller than that associated with infrared and fluorescence
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processes,*® respectively. As a result, Raman spectroscopy is
fundamentally limited by its low detection sensitivity.

In the early experiments, scientists used filtered sunlight or
mercury lamps as the light source and the eye or photographic
film as the detector, with very long exposure times, often up to
several days. Because of the very low intensity of the Raman
scattering signals and the lack of monochromatic and high-
brightness light sources, the efficiency of the technique
remained quite low until the 1960s. The invention of laser in
1960 and its rapid introduction to Raman spectroscopy there-
fore really revolutionized the field. The first laser-based Raman
scattering experiment was realized in 1962.>” Thereafter,
Raman spectroscopy became a more versatile technique that
utilizes lasers ranging from ultraviolet (UV) to near-infrared (IR)
to analyze samples at the molecular level. This flexibility allows
for the examination of various materials, including lunar rocks,
ocean ore, silicon chips, plastic, proteins, and drugs.**™**

2.2 Why was surface Raman spectroscopic research initiated
in the 1970s?

In the 1970s, two of the main challenges for Raman spectro-
scopy were its potential application in surface science and trace
analysis. They involved studying a much smaller number of
probe molecules compared to the bulk materials or solutions
typically used in Raman measurements. For instance, even if a
flat surface was fully covered with sample molecules like
pyridine, there would only be between 10"* and 10"* molecules
within the 1 mm diameter of the laser spot. This was the typical
illuminated area before the widespread use of the confocal
microscope in the mid-1990s. Given that usually one Raman
photon is produced by approximately 10°~10° incident photons
for the surface adsorbates of with monolayer coverage,'” it
remained difficult to detect it using even the most advanced
Raman instruments available at that time. Moreover, increas-
ing the power of the laser cannot be of great help because it will
ultimately damage the probed sample. Increasing the sample
concentration is a common way to enhance the intensity, which
proved effective for studying bulk signals in liquid phases and
transparent samples. However, this approach had limitations
when it came to surface adsorption, where only one monolayer
of molecules is typically present. At this concentration level, the
signals for most adsorbates without a resonance Raman effect
fell below the detection limit. Consequently, due to the inher-
ent weakness of the scattering mechanism, Raman spectro-
scopy was rarely used for characterizing surface species, with
only a few papers addressing highly powdered oxide catalysts
(which have surface areas many orders of magnitude larger
than those of flat surface samples) before the mid-1970s.**~*¢
Nevertheless, Raman spectroscopy held great appeal for
surface scientists as it had the potential to provide valuable
insights into various chemical, physical, and biological surfaces
and interfaces at the molecular level.*® It could determine
surface bonding, molecular conformation, and adsorption
orientation. Additionally, Raman spectroscopy could be
employed for in situ investigations of various interfaces, includ-
ing but not limited to solid-liquid, solid-gas, and solid-solid

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/d4cs00883a

Open Access Article. Published on 23 December 2024. Downloaded on 1/23/2026 5:04:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

interfaces. It is particularly useful in scenarios where many
other surface techniques are not applicable. These significant
advantages strongly motivated some researchers to challenge
established knowledge and explore ways to enhance the applic-
ability of Raman spectroscopy in surface science and related
analytical fields, ultimately leading to the birth of surface-
enhanced Raman spectroscopy (SERS).”!

2.3 Why was the birth of SERS rooted in an electrochemical
system?

Between the mid-1960s and 1970s, electrochemistry was under-
going a significant transition from a macroscopic to a micro-
scopic level. During this period, spectro-electrochemistry
emerged to provide mechanistic and dynamic insights into
electrochemical interfaces at a molecular level.”” > Several
leading electrochemists seized the opportunity provided by
the rapid development of spectroscopy at that time, introdu-
cing several optical spectroscopy techniques to electrochemical
systems in sequence, including ellipsometry, UV-vis absorption
spectroscopy, and IR spectroscopy.’® The university of South-
ampton was one of the leading institutes of spectro-
electrochemistry. Nevertheless, Raman spectroscopy appeared
to be the most promising optical techniques for analyzing the
chemical structure of species on the most commonly used
metal electrode surfaces,"® given that the widely used aqueous
solutions in electrochemistry do not significantly interfere with
the surface signal compared to IR spectroscopy.’

However, initiating interdisciplinary collaboration between
Raman spectroscopy and electrochemistry was challenging.
The primary obstacle was designing an electrochemical cell
that could effectively measure both Raman scattering signals
and electrochemical signals simultaneously and efficiently. A
significant challenge was the Raman process’s inherent low
detection sensitivity. In an electrochemical cell, the deflection
of the optical path by the liquid phase further reduced Raman
spectroscopy’s detection efficiency. These issues made electro-
chemical Raman experiments impractical and unfeasible. It
took the bravery of a small group with diverse expertise in
electrochemistry and Raman spectroscopy. Their expert cross-
disciplinary cooperation, courageous efforts, and methodologi-
cal advancements ultimately transformed what was once con-
sidered impossible into reality.

Fleischmann, a very creative scientist in electrochemistry in
the 1970s, played a key role in establishing electrochemical
Raman spectroscopy. According to the formula for Raman
intensity in textbooks, it was not possible to detect a surface
adsorbate with monolayer coverage even with state-of-the-art
Raman instruments. However, he was highly eager to break
through this limitation by developing a new method that
utilizes Raman spectroscopy to measure the signals of mole-
cules that are adsorbed on electrode surfaces. However, bravery
alone is not sufficient to achieve breakthroughs in science;
rational design, a detailed scientific plan, and finding the best
collaborators are also essential. Encouraged by Graham Hills,
the Chair of Physical Chemistry at the University of South-
ampton, Fleischmann initiated a successful collaboration with
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Hendra, an expert in Raman spectroscopy who had pioneered
the study of adsorption on oxide powder catalysts with much
larger surface areas than electrodes, and with McQuillan, a
young and energetic postdoc.

McQuillan documented the collaboration between the two
scientists in his note,> “Both were innovative scientists, enjoyed
competing with each other in scientific brainstorming sessions, and
were excited by the prospect of audacious experiments.” Recalling
the history, Hendra wrote that®* “Back in 1972 we discussed and
argued over the possibility of recording Raman spectra from an
electrode surface. Problem, of course, is that the amount of
material present is minimal. So what system to use?” “My ears
duly flapped because Calomel (Hg,Cl,) is nearly the strongest
Raman scatterer known to man (Ce, is better!), Martin came up
with the idea of generating a high area mercury surface — so we were
hopefully ‘in business’.” Fleischmann and McQuillan generated a
surface coated with micro globular mercury, which increased
the surface area to ten times that of a smooth surface. Then
they successfully recorded Raman spectra from multiple layers
of Hg,Cl,, Hg,Br, and HgO on small mercury droplets formed
by nucleation onto a platinum disc electrode. This work was
reported in early 1973 in a brief paper without figures in
Chemical Communications.> Hg,Cl, has a very strong Hg-Hg
stretch Raman signal, but detection limits for Hg,Cl, multilayers
were still significantly above the more intriguing monolayer level.
Nevertheless, this approach was a logical first step in scientific
exploration, particularly in venturing into the unknown. The
authors successfully demonstrated that Raman signals could be
obtained from their designed electrochemical cell.

Encouraged by these results, they continued to advance their
methods to achieve detection at the monolayer level. As noted
by McQuillan,> “Thus, the focus of work turned to methods of
enhancing the Raman signal. The possibilities of using phase-
sensitive detection, resonance Raman, and large-surface-area elec-
trodes were considered. As Pat had pioneered the use of Raman to
study species adsorbed on large-area oxide catalysts, so large
surface area became the favoured direction.” The collaboration
between the electrochemist and the Raman spectroscopist
facilitated the combination of Ag electrodes and pyridine
molecules. McQuillan wrote down the words about the choice
of pyridine,®® “Pyridine had long been used as a probe molecule
for infrared spectroscopic studies of acidic sites on metal oxide
catalysts and had also found use in corresponding Raman studies
that Pat’s group had conducted.” Fleischmann and McQuillan
prepared various roughed electrodes by an electrochemical
oxidation reduction cycle (ORC) method, as written by
Hendra,*® “Martin’s Group came up with many roughened sur-
faces - platinum, palladium, iron, lead, you name it — and studied
them in electrodes containing good Raman scattering prospects.
Among numerous ideas, it was decided to try silver using an
electrolyte containing pyridine.”

2.4 First observation of SERS spectra of molecules adsorbed
on electrode

On 15 May 1974, the first potential-dependent surface Raman
spectra of pyridine adsorbed on an electrochemically
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(a)—(c) Photographs of Martin Fleischmann, Patrick Hendra and Jim McQuillan, respectively. (d) Illustration of the electrochemical cell used for the

Raman detection of pyridine adsorbed on Ag electrode. And Raman spectra of pyridine in solution and on the Ag electrode at different potentials: (e)
liquid pyridine; (f) 0.05 M aqueous pyridine; (g) Ag electrode 0 V vs. saturated calomel electrode (S.C.E.); (h) —0.2 V; (i) —0.4 V; (j) —0.6 V; (k) —0.8 V; (1)

—1.0 V. (a)-(c) are reproduced from ref. 56 with permission. Copyright
permission. Copyright 1974 Elsevier B.V.

roughened Ag electrode were reported by Fleischmann, Hendra
and McQuillan (Fig. 3a-c) in Chem. Phys. Lett., 1974, 26(2), 163
166." The abstract of the article states that," “Raman spectro-
scopy has been employed for the first time to study the role of
adsorption at electrodes. It has been possible to distinguish two
types of pyridine adsorption at a silver electrode. The variation in
intensity and frequency of some of the bands with potential in the
region of the point of zero charge has given further evidence as to
the structure of the electrical double layer; it is shown that the
interaction of adsorbed pyridine and water must be taken into
account.”” Ahead of this publication, McQuillan gave a very brief
report and presented a single Raman spectrum of pyridine
adsorbed at Ag electrode in the Faraday Discussions of the
Chemical Society on Intermediates in Electrochemical Reac-
tions at Oxford on 19 September, 1973.%”

The experiments were conducted in a specially designed
electrochemical cell (Fig. 3d), well-matched with the
spectrometer.®® The collecting window for both the incident
and scattered light was optically flat, ensuring optimal effi-
ciency. The surface consisted of a Ag rod electrode sheathed in
Teflon, which could be easily adjusted in position relative to the
window. Additionally, the focused argon ion laser beam could
be incident at variable angles. The obtained Raman spectra
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were of very high quality and clearly indicated the presence of a
surface species, as evidenced by the distinctive dependence of
spectral features, particularly the relative intensity, on the
electrode potential, as shown in Fig. 3g-1.

According to McQuillan’s note,”® “the first really significant
evidence which could well be due to adsorbed pyridine” ... “a
shoulder about 1008 cm™" under the 1003 cm™ " (solution) band.”
... “On 4 July I spent a day on the Cary 82 using the 5145 A laser
line looking at Ag deposited onto Pt and included some cyclic
voltammetry of system containing pyridine. Once again evidence
for adsorbed (?) pyridine as on 22 June . . . quite a distinct variation
in the size of the adsorbed species peak with potential.” ... “Short
discussion with Martin about results. Quite enthusiastic.”

Fleischmann and McQuillan attended the Faraday Discus-
sions on Intermediates in Electrochemical Reactions at Oxford
on 19 September 1973. During the discussion session, McQuil-
lan gave a very brief report with a single spectrum about their
observations.”” Then the paper was prepared for publication at
the end of 1973, as noted by McQuillan.>® “..., and began
putting a paper together for Chemical Physics Letters. This was
finally sent to David Buckingham on 21 February 1974 after
considerable discussion over unresolved aspects, such as the
unusually high observed Raman intensities. In the end no comment
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was included on the intensities. The response from David Bucking-
ham less than a week later was to say that the paper had been
accepted and that ‘you appear to have found an interesting
phenomenon’.”

In retrospect, this was indeed the first SERS measurement,
and the roughened electrode can be considered the first SERS-
active nanostructure (albeit mixed with microstructures),
although it was not recognized as such at the time. They
initially believed that the electrochemical roughening proce-
dure had significantly increased the electrode’s surface area
and, consequently, the number of adsorbed molecules. This
increase was thought to be responsible for the intense surface
Raman signal of pyridine, a molecule with a very large Raman
cross-section.

Through persistent and broad searching, logically followed
by a focus on the pyridine/Ag system, the high-level collabora-
tion between electrochemists and Raman spectroscopists led to
the first Raman measurements of adsorbed molecules on
electrode surfaces. This initial experimental observation
marked the right entrance door, ie., the beginning of the
discovery journey of SERS.

2.5 First determination of the surface enhanced Raman effect

The deep understanding of the essence of phenomena is crucial
for further transforming a preliminary phenomenon observa-
tion into a scientific progress and even a new field. The
abnormally intense Raman spectra of pyridine adsorbed on a
roughened Ag electrode had garnered significant attention
from Van Duyne. This was not only due to its capability to
measure surface-adsorbed monolayers of molecules, but pri-
marily because their intensities were about a million times
stronger than the same species in solution, an astonishing
claim first made by Van Duyne when he was a young assistant
professor (Fig. 4a).

He described how he was surprised when he first read the
paper by Fleischmann et al.,*® “Imagine my surprise in early May
1974 when I opened the May 4th issue of Chemical Physics Letters
and found the report by Fleishmann et al describing their
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observation of normal Raman signals from a monolayer of pyridine
adsorbed on a roughened silver electrode immersed in a simple
aqueous electrolyte solution in an electrochemical cell. I was
stunned! They observed count rates of ~500-1000 -counts
per second using 100 mW of 514.5 nm argon ion laser light.”

Van Duyne’s big surprise stemmed from his own interest in
using Raman spectroscopy to study electrochemical systems
since 1973.°° He had estimated that the Raman signals of
monolayer molecules adsorbed on surfaces could not be mea-
sured using the state-of-art instrument of the time.>® “I esti-
mated that for 1 monolayer of a non-resonant adsorbate such as
pyridine adsorbed in a vertical orientation on a platinum (111)
single crystal and excited with 1 watt of argon ion laser light at
488.0 nm, the total Raman signal for the 991 cm™* fundamental
integrated over the vibrational band would be something like 25
counts per second on a (then) state-of-the-art scanning double
monochromator with a cooled photomultiplier tube as a detector.
I concluded that this experiment was just barely possible and
therefore was of limited practicality.” Subsequently, he just
focused on improving the Raman sensitivity by several meth-
ods, especially by taking advantages of the resonance Raman
effect of dye molecules.”®

To resolve the confusion in his mind, Van Duyne then
visited Fleischmann’s laboratory at the University of South-
ampton after the International Society of Electrochemistry
meeting in Brighton, England in September 1974. As written
in ref. 59, “I was very keen to understand how it was possible to
observe surface Raman signals from pyridine because I had just
calculated how unlikely this experiment was to succeed. I learned
from Jim that surface roughness was likely to be the key factor.”

Although Fleischmann’s article attributed the enhancement
of the pyridine Raman signal on the surface of rough Ag
electrodes to the increased surface area of the rough electrodes,
Van Duyne still raised several questions about the renowned
electrochemist’s interpretation upon his return to Northwes-
tern:*>® “1. Why was the Raman intensity of 500-1000 counts s~ so
high? 2. If the surface area was made ~ 1000 times greater, should
not the double-layer capacitance of the electrode/solution interface
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(a) Photograph of Richard P. Van Duyne. Reproduced from ref. 58 with permission. Copyright 2020 Wiley. (b)—(e) Raman spectra of pyridine

adsorbed on a Ag electrode. The solution contained 50 mM pyridine and 0.1 M KCI. Electrode potentials are —0.2V, —0.4V, —0.6 V and —0.8 V for (b)—(e).
The Raman spectra were enhanced by image processing methods as the original spectra were blurry. Reproduced from ref. 2 with permission. Copyright

1977 Elsevier B.V.
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have increased in proportion to the area, yielding a huge, easily
measurable value of ~40000 uF cm™ >?”

He persuaded his graduate student David Jeanmaire to
check the questions via scrutinizing the Fleischmann experi-
ments, and they successfully repeated, and largely extended the
experiments over the next two years. As surface roughness was
speculated to be a key factor, they started with the surface
roughness dependence of Raman intensity and found unex-
pected results. As written in ref. 59, “To test the surface area
hypothesis, we repeated the Fleischmann electrochemical rough-
ening procedure and carefully measured pyridine surface Raman
intensity vs. the number of coulombs of charge passed. Surpris-
ingly, we found that, starting from roughness conditions used by
Fleischmann, the surface Raman signals increased as the surface
roughness decreased! Eventually, we found that the ‘optimum’ level
of roughness corresponded to the oxidation and re-reduction of
approximately 100 monolayers of silver.”

The surface roughening procedure for Ag electrodes was
modified by using a slightly treated electrode that underwent a
few cycles of electrochemical oxidation-reduction. This elec-
trode displayed a yellowish surface and produced Raman
signals that were either equivalent to or even stronger than
those obtained from deeply roughened Ag electrodes used in
the Fleischmann experiments. The latter electrodes, subjected
to over a hundred cycles of treatment, exhibited a very dark
color. This observation suggests that the unexpectedly intense
Raman signals were likely attributed to specific surface proper-
ties of the roughened electrode, rather than an increase in
surface area.

Chance favors the prepared mind. Utilizing his previous
research experience on electrochemical Raman spectroscopy
based on the resonance Raman effect, Van Duyne and Jean-
maire calculated the enhancement factor.”® “Subsequently,
David and I devised a procedure to measure the surface enhance-
ment factor which compared the signal intensity per molecule on
the surface to the signal intensity per molecule for the same
molecule in free solution and discovered the 10°-10° enhancement
factor associated with SERS.” This result led them to propose the
surface enhancement effect, as stated in their article published
in J. Electroanal. Chem., 1977, 84(1), 1-20:> “Given that the
experimentally observed intensities of NR scattering from adsorbed
pyridine in our laboratory are 5-6 orders of magnitude greater
than expected, we felt that some property of the electrode surface or
the electrode/solution interface is acting to enhance the effective
Raman scattering cross section for these adsorbed amines.”

They compiled the results and sent it out for publication in
1976. However, their paper underwent a multi-year, multi-
journal review process, as the so-called surface enhancement
was initially met with strong skepticism. How could the Raman
signal from molecules adsorbed on rough metal surfaces be
dramatically and substantially increased compared to their
solution state? This notion was indeed too surprising and
difficult for the scientific community to accept. Their paper
was submitted to J. Electroanal. Chem. (received 7 October 1976)
and accepted on 12 May 1977. Subsequently, the paper was
published on November 1977.%
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Independently, Creighton and Albrecht reported a similar
result in J. Am. Chem. Soc., 1977, 99(15), 5215-5217,® which was
submitted 6 months later than Van Duyne’s. Both papers
presented compelling evidence indicating that the enormously
intense surface Raman signal is attributable to a true enhance-
ment in the efficiency of Raman scattering itself.

The effect was then designated as surface-enhanced Raman
scattering (SERS) in 1979 by Van Duyne.” “Such enormous
enhancements of the normal Raman (NR) scattering process com-
pletely overcome the traditional limitation of SRS - its low
sensitivity. The experimental context in which surface enhanced
Raman scattering (SERS) was first recognized was that of an
electrochemical cell.”

After five decades, it may be essential to draw inspiration by
delving deep into the starting point and asking three correlated
questions. Why was the discovery of the SERS effect first made
in pyridine that was adsorbed on an electrochemically rough-
ened Ag electrode? Why did Van Duyne and other colleagues
continue their investigations in the same Ag-pyridine system?
More surprisingly, why does the combination of Ag and pyr-
idine, proposed half a century ago, remain one of the best
electrochemical SERS systems with the strongest signal among
all non-resonance Raman molecules? Nowadays, every new-
comer to this electrochemical SERS may be asked to first repeat
this model system (but do not blindly follow, be careful about
the 1025 cm ™" peak, see Section 4.8 for detailed discussions) to
ensure the correct experimental procedure.

Upon closer examination, it becomes clear that this was not
just a coincidence or a stroke of luck, but a result of a very
successful and high-quality collaboration, including mutual
brainstorming by experts in different fields: an electrochemist
well-versed in electrochemical cells and roughening electrode
procedures and a Raman spectroscopist knowledgeable about
the instrument and the best probe molecules with large Raman
cross sections.

The birth of SERS sparked enthusiastic interests from scien-
tists and engineers, and attracted researchers from various
fields such as physics, analytical chemistry, electrochemistry,
heterogeneous catalysis, materials science, etc. Compared with
the exploration on the various materials and feasible systems
meeting recurrent obstacles, the advancement of mechanisms
was more fruitful in the early days of SERS.

2.6 Foundation of enhancement mechanisms of SERS

From the late 1970s to the mid-1980s, research into theoretical
mechanisms saw remarkable growth. Many active groups in
physics and physical chemistry were fully captivated by the
serendipitous discovery, eager to unravel the mysteries of this
new phenomenon. Such was the excitement that some viewed
SERS as a divine gift to surface spectroscopy. The field thrived
with an abundance of innovative ideas, diverse models, and
lively, constructive debates.

2.6.1 Initial understandings of SERS. To explain the abnor-
mal enhancement process observed for pyridine on Ag elec-
trode, Van Duyne and Jeanmaire postulated a static electric
field enhancement mechanism based on electrochemical
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Fig. 5 The timeline of the mechanistic studies on SERS in the first decade. SPP: surface plasmon polariton; ATR: attenuated total reflectance; LSP:

localized surface plasmon; EM: electromagnetic; CT: charge transfer.

double-layer.> “Electric field gradients in the vicinity of the
electrode can attain values of 10° V cm™" which are well within
the range needed to observe electric field enhanced scattering.”
Creighton and Albrecht attributed the intensity enhancement
to the resonance Raman scattering through the broadening of
the electronic energy levels of molecules at roughened metal
surfaces.® “It has been suggested by Philpott that broadening of
the electronic energy levels of molecules at roughened metal
surfaces may induce resonant Raman scattering from molecules
adsorbed on metals through interaction with surface plasmons.
Resonant Raman enhancements of the order of 10° and above are
certainly known for some conjugated chromophores, and it may
prove that this is the explanation of the intensity enhancement
reported here.”

Meanwhile, as shown in Fig. 5, a number of mechanisms
were proposed and developed in the late 1970s and the mid-
1980s to account for SERS.*®"® It should be noted that,
according to the current understanding, surface plasmons
can be categorized into two types: propagating surface plasmon
polaritons (SPPs) and localized surface plasmons (LSPs). The
“surface plasmons” mentioned in earlier works largely refer to
what is now recognized as SPPs.

As we can see, Fleishmann and colleagues observed the first
SERS spectrum on a rough Ag electrode, while they misattrib-
uted it to an increased surface adsorption area. Van Duyne and
Creighton discovered the significant enhancement effect of

SERS, nevertheless, their interpretations concerning the origin
of this colossal enhancement remained erroneous. In fact,
recalling the whole history of modern natural sciences, a
common phenomenon is that of “Great discoveries/observations
with incorrect/incomplete explanations”, especially in the early
stages of establishing disciplines across many fields. This is
because great discoveries are often about making the impos-
sible possible and extending the boundaries of the knowledge,
and thus, explanations based on past established knowledge
are usually wrong or incomplete. In fact, this phenomenon has
been recurring throughout the history of SERS, particularly
when significant breakthroughs were achieved. Over the sub-
sequent decades, almost every new milestone in SERS research
was followed by a period of confusion and debate as the
scientific community grapples with understanding the true
implications and underlying mechanisms of the discovery.
2.6.2 Localized surface plasmon resonance mechanism. A
localized surface plasmon resonance (LSPR) mechanism based
on free-electron like metals was introduced by Moskovits*
(Fig. 6a) and independently by Creighton”® (Fig. 7a) et al., both
in 1978. Moskovits and Dignam proposed that the optical
characteristics of rough metal films could be explained by
considering the roughness layer as an effective medium with
optical homogeneity in 1973. This concept proved particularly
relevant for metals like Cu and Ag, as they exhibited plasmonic
resonances.”’ In 1978, Moskovits applied this concept to
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Fig. 6 (a) Photograph of Martin Moskovits. (b) The dependence of the quantity F./v2 on exciting frequency vq for various values of ig, which is the
resonance wavelength. The Raman intensity is proportional to F,/v2. g is the volume fraction of the metal within a dielectric of dielectric constant &o. The
quantity plotted is actually 6.69 x 107F,/v2. (c) The solid line is the one of Az = 929 nm in (b). Points are taken from ref. 72 and refer to the 1008 cm* ring
vibration of pyridine. Reproduced from ref. 4 with permission. Copyright 1978 AIP publishing.
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(iv) 5 min after adding 0.1 cm® 10~ mol dm~ pyridine. (c) Raman spectra of Ag sol with added pyridine. (d) Extinction spectrum of Au sol (1.5 cm®) (i)
freshly prepared: (ii) 3 h after adding 0.05 cm?® 0.1 mol dm~3 pyridine. (e) Raman spectra of Au sol with added pyridine. Figures are reproduced from ref. 70

with permission. Copyright 1979 Royal Society of Chemistry.

explain the contrasting trends in SERS intensity reported by
Van Duyne and Creighton, attributing the discrepancy to the
distinct methods employed in roughening the Ag electrodes. As
shown in Fig. 6b and written in ref. 4, “With small values of g, Ax
is at high frequencies and the intensity rises with increasing
exciting frequency. This is what Van Duyne reports, and indeed
his surface pretreatment is mild, resulting in small q values. For
large values of q, Ay is in the red and the opposite trend is observed,
as reported by Creighton et al. Again, their surface treatment is
more severe; consequently, q is expected to be large in their case.”
The paper was submitted to . Chem. Phys. on 12th June 1978
and published on 1st November 1978. (J. Chem. Phys., 1978,
69(9), 4159-4161) As written in the abstract, “I propose that the
anomalous intensity arises from preresonant or resonant excita-
tions of conduction electron resonances in adsorbate covered metal
bumps on the surface.”

Recalling that history, Moskovits wrote that:”® “In the spring
of 1978 I wrote a paper in which I jotted down my early ideas
regarding the relationship between SERS and the excitation of
localized surface plasmons (LSPs) in microrough silver. Focusing on
the original reports on SERS from electrochemically roughened
silver, I suggested that the submicroscopic silver roughness features
(nano-features in today’s idiom) were subwavelength and sustained
plasmons, and it was the plasmon resonance that was responsible
for the enhancement.”

Based on the mechanism, Moskovits also proposed several
forecasts including that similar enhancements would be
observed in Ag and Cu colloids covered with adsorbates, as
described in his Note published in 2012:”® “I also made several
predictions: (i) that intense SERS would be observed primarily with
nanostructured systems composed of the coinage metals (and the
alkalis) because only nanoparticles of those metals would possess
the high-Q LSP resonances required for large enhancement; (ii) that
subwavelength nanostructure was an essential ingredient for obser-
ving SERS; and (iii) that true colloids of those metals should also
produce SERS.”

1464 | Chem. Soc. Rev,, 2025, 54, 1453-1551

At about the same time, in March 1978, and unaware of
Moskovits’ predictions, Creighton et al. for the first time
demonstrated SERS from Ag and Au colloids experimentally
(Fig. 7a). This pioneering experimental work was submitted to
J. Chem. Soc. on 19th July 1978 and published in 1979. (J. Chem.
Soc., Faraday Trans., 2, 1979, 75, 790-798).”° Their work on this
began with the synthesis of Ag and Au colloids. In his Note
published on 2009,”* he recalled that: “Working together one
afternoon, having done no previous literature work on metal
colloids, we tried adding a solution of sodium borohydride, the
only reducing agent that happened to be on our reagent shelves, to
a silver nitrate solution. We found that provided that the silver
nitrate solution was sufficiently dilute (less than about 10~> mol
dm™?) this gave a beautifully clear yellow silver colloid. When we
then added pyridine to this yellow colloid (to a concentration of
about 102 mol dm ™3, the same concentration as in the pyridine
silver electrode experiments) the colour slowly changed through
various greenish shades, finally becoming blue-grey before silver
was deposited as a black precipitate. A similar procedure using
Na[AuCl,] in place of AgNO; gave a wine-red gold colloid that also
changed colour gradually when pyridine was added.”

And then they tried Raman measurements in the colloid
system and obtained enhanced Raman signals from pyridine,
as shown in Fig. 7b-e.”* Creighton wrote that:’* “We straight
away put these pyridine-containing colloids into the Raman spec-
trometer and observed the same 1008 and 1036 ¢m ™' Raman
bands of adsorbed pyridine that we had previously seen from the
roughened silver electrodes. Although the bands were not as intense
as in the spectra from roughened silver electrodes, it was clear that
they were nevertheless considerably enhanced, because with the
same spectrometer settings we could scarcely see the ca. 1000 cm ™
bands from a pyridine solution of the same concentration in the
absence of the colloidal metal particles. The Raman bands were
also substantially depolarized, a characteristic of SERS bands,
whereas for pyridine in solution the strong bands around
1000 cm™* are very strongly polarized.”

This journal is © The Royal Society of Chemistry 2025
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The first experimental correlation between the optimized
excitation wavelength for SERS and the wavelength of the
surface plasmon resonance (SPR) was also reported in the same
paper,’® and it was from this correlation that it was indepen-
dently proposed that plasmon resonances in metal nano-
particles or roughened electrodes are responsible for SERS.
“During that most productive weekend, the moment when we
realized that the SERS excitation profiles were sharply peaked
and that the SERS excitation profile maximum was tracking the
absorption maximum as the colloid slowly changed colour was the
most exciting research moment I can recall.”

Moskovits and Creighton’s pioneering works extended the
concept of SERS active substrates from roughened electrodes or
island films to metal colloid systems. Colloidal substrates
offered several advantages over electrodes: they were easy to
prepare, and their particle size, shape, and aggregation could
be adjusted during preparation. Although it was very challen-
ging to control and characterize them during that time, this
variability allowed for the exploration of the relationship
between surface morphology and SERS enhancement. Also, at
that time there was already a good theoretical understanding of
elastic light scattering by colloidal dispersions, and the intro-
duction of colloidal SERS substrates therefore quickly stimu-
lated theoretical work on the SERS of metallic nanoparticles.
It's worthy to note that their pioneering works in colloidal
SERS*”° also inferred the close relationship between SERS and
nanoscience, heralding its second upsurge in the era of
nanoscience.

2.6.3 Other contributions to electromagnetic mechanisms.
The foundation of EM mechanism also laid on the contribu-
tions by Schatz,%”"7>7° Metiu,*>”””® Kerker,**”*#° Gersten and
Nitzan,*" Weber and Ford,** and McCall®**®** and their cow-
orkers. An image field model, initially proposed by King, Van
Duyne, and Schatz (also named as the KVS model) in 1978,%
then independently by Efrima and Metiu in 1979,%¢7%® suggest-
ing that the considerable enhancement observed may be linked
to the substantial polarizability that emerges for specific para-
meter selections when the Raman-emitting system is viewed as
a composite of the molecule and its reflected charge distribu-
tion in the metal. This model, recognized as the “image field
model”, was further refined by Weber and Ford in 1980,%> who
improved the model by removing the local assumption and
introducing a spherical representation for the adsorbed mole-
cule, thereby removing the limitation to a point dipole. The
image field model predicts a Raman enhancement factor (EF)
of 16 for perfect conductors;**"*® however, calculations con-
ducted with real metals, as indicated by Moskovits in 1982,%°
suggest that a factor of 5 or 6 may be a more reasonable
approximation. While the image field theory was not consid-
ered the primary electromagnetic mechanism for SERS, it holds
historical significance as the first comprehensive model to
include the intricate interactions between molecules and elec-
trodes, which laid the groundwork for understanding the
complex interplay at the molecular-electrode interface.

Kerker and coworkers employed a molecular dipole and
spherical nanoparticle mutual polarization model (Fig. 8a and

This journal is © The Royal Society of Chemistry 2025
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b),2*°° and comprehensively calculated the influence of particle
size, molecular dipole location, and incident light wavelength
on the SERS EF. It is noteworthy that Kerker simplified the
geometry to a sphere, thus the results were analytically solved
with high accuracy by deriving the Lorenz-Mie theory.

Gersten and Nitzan simplified the metallic rough surface as
hemispheroid protruding from a conducting plane, and
employed a molecular induced dipole model to investigate
the mirror field effect of molecular dipoles on the semi-
ellipsoid (Fig. 8c and d).*' They revealed that in addition to
the excitation of surface plasmons, the image dipole enhance-
ment effect as well as the “lightning rod” effect at the tip of the
ellipsoid also contributes to the Raman enhancement.””"%!
McCall et al. developed a spheroidal model of the rough
metallic surface and revealed the EM interactions between
spheroidal metals and molecular dipoles.®® It is worth
noting that Gersten and Nitzan, along with Kerker indepen-
dently, were the first show via calculations that the SERS
enhancement is proportional to the fourth power of the local
electromagnetic field.

Subsequently, Metiu and coworkers were the first to study
the electromagnetic (EM) coupling of a nanosphere dimer’”
(Fig. 9a). The electromagnetic interaction between the two
spheres significantly amplifies the local field in the space
between them (Fig. 9b). Later on, the calculation based on
electrostatic field theory for nanosphere-on-plane coupled
structure’® demonstrated the production of very large local
enhancements of the electric fields exceeding those obtained
from the isolated sphere or isolated flat surface (Fig. 9c-e). The
importance of colloidal dimers was not fully recognized until
the discovery of single-molecule SERS.'*'* And the nano-
particles on mirror configuration set the early theoretical
foundation of TERS and SHINERS. Laor and Schatz examined
clusters of metal hemispheroids on a perfectly conducting flat
surface and found significant SERS enhancement arising from
the electromagnetic coupling between the random distributed
metal hemispheroids, which was termed as the multiple plas-
mon resonance effect.”>”°

2.6.4 Surface plasmon polariton mechanism. Another ana-
lytically solvable model used in that period involved SPP
excitation at a flat metallic surface. Though a SPP can confine
the local optical field at metal/dielectric interfaces, it should be
noted that the Raman enhancement generated by exciting SPP
is only 10-100 times, which is much lower than the enhance-
ment of over 10° generated by exciting LSP. SPP at the metal/
dielectric interface can be excited through prism coupling
(attenuated total reflection, ATR) at an optimized incident
angle. The seminal work on the Kretschmann-Raether
(Fig. 10a) and Otto configurations (Fig. 10b) for optically
exciting propagating surface plasmons at metal/air interfaces
was published in 1968.°°> The Kretschmann-Raether configu-
ration is comparatively straightforward, yet it is limited to
measuring signals exclusively on the surface of metal thin
films. In contrast, the Otto configuration demands more strin-
gent structural requirements for measurement but enables the
detection of signals on bulk single-crystal surfaces.
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Copyright 1980 AIP publishing.

Burstein and coworkers theoretically predicted a substantial
hundred-fold enhancement for ATR-Raman and ATR-coherent
anti-Stokes Raman spectroscopy (CARS) in 1976.°° Building on
this theoretical framework, Pettinger et al. experimentally
demonstrated the excitation of surface plasmons at Ag electro-
des through ATR*" in 1979 (Fig. 10c), resulting in an enhanced
Raman signal from adsorbed pyridine (Fig. 10d). Subsequent
research underscored the significant influence of excitation
frequency and incident light angle on surface Raman intensity
for roughened Au, Ag, and Cu electrodes.”® Subsequently,
Dornhaus et al. performed a comparative investigation of
attenuated total reflection Raman spectroscopy (ATR-Raman)

1466 | Chem. Soc. Rev, 2025, 54, 1453-1551

using hemicylindrical prisms coated with silver films, along-
side surface Raman spectra obtained from silver islands. Their
findings highlighted the pivotal role of surface plasmon excita-
tion in SERS in 1980.°” Furthermore, in 1982, Shen and
coworkers investigated SERS of pyridine adsorbed onto weakly
roughened Ag films using a well-characterized SPP excitation.’®
They demonstrated that the SPP was the primary contributing
factor contributing to the additional enhancement in the
Raman signal.

Smooth metal films can also be excited by metallic gratings
or molecular dipoles to generate surface plasmons. In 1975,
Philpott investigated the interaction of excited molecules with

This journal is © The Royal Society of Chemistry 2025
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the surface plasmon of metallic film and developed a theore-
tical framework for explaining the effect of surface plasmons on
molecular electronic transition.”® Tsang et al. and Girlando
et al. reported the Raman spectra enhanced by the SPP on a Ag
grating in 1979'%° and 1980.'°>'%> The EF provided by surface
plasmons is quite limited compared to the LSP mechanism,
primarily due to the minor electric field enhancement of SPP.

2.6.5 Theoretical concept of TERS based on the EM mecha-
nism. Although SERS allowed for the measurement of adsorbed
species, its spatial resolution was previously limited by the
diffraction limit. In 1985, John Wessel introduced the concept
of an optical probe capable of achieving spatial resolution
beyond the diffraction limits. This approach utilized optical
field confinement through surface plasmons generated by a
submicrometer-sized metallic particle, with projections indicat-
ing the potential for spatial resolution nearing 1 nanometer.'*®
By studying the excitation of LSP, Wessel suggested that the
probe particle/tip could provide both enhanced electric fields
and spatial confinement, as shown in Fig. 11a. An improved
optical spatial resolution was predicted through calculation
using an electrostatic model (Fig. 11b). Through theoretical

This journal is © The Royal Society of Chemistry 2025

calculations, Wessel predicted a high level of detection sensi-
tivity through this approach.'® “Detection sensitivity approach-
ing one molecule is projected.” The technique proposed in this
work is now widely known as TERS. The research laid the
theoretical foundation for the development of TERS,"®™*° and
several predictions made in the article were confirmed in
subsequent experiments two or three decades later."®*

2.6.6 The chemical enhancement mechanism. When con-
sidering the scientific concept of surface enhancement in a
rigorous and comprehensive manner, it must encompass any
molecule-surface system where the signal enhancement of
molecules on the surface (referred to as the surface state)
occurs compared to their behavior in liquid or gas states.

The electromagnetic mechanism, represented by the LSPR,
contributes dominantly to the anomalous enhancement in
SERS, which constitutes a distinctive feature of SERS distin-
guishing it unambiguously from the previous surface Raman
spectroscopy and the surface resonance Raman spectroscopy.
The surface plasmon enhancement mechanism, however, fails
to account for modifications such as shifts in peak positions or
changes in relative intensities in the SERS spectrum.

Chem. Soc. Rev,, 2025, 54,1453-1551 | 1467
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observation of Raman scattered light. (d) Angle dependence of the Raman intensity at 1010 cm~* from pyridine on Ag electrode with ATR excitation by a
Kretschmann configuration. 4o = 514.5 nm. Reproduced from ref. 94 with permission. Copyright 1979 Elsevier.

These feature was first observed in Fleischmann’s partially explain the observed Raman scattering cross sections
experiment." Subsequently, in 1977, Van Duyne and on the order of resonance Raman spectra.
Jeanmaire* documented in detail that the Raman intensities In 1979, Gersten, Birke and Lombardi adopted a model
of the adsorbed pyridine are a function of electrode potential involving CT process between adsorbed molecule and Fermi
with a laser excitation wavelength of 514.5 nm, which presented level of metal (Fig. 12b) and proposed a theory predicting that
a resonance shaped profile as shown in Fig. 12a. Since no the CT between surface molecule and metal would induce a
known molecular transition existed in that spectral region, it resonance in the vicinity of Fermi surface and lead to an
was speculated that when considering the molecule and metal —enhancement of Raman scattering."'®> Lombardi and coauthors
system as a whole, the reason for the spectral features was in 1986 re-investigated the model (Fig. 12c) and presented a
probably due to the surface structure, applied potential as well comprehensive development of the CT theory of SERS on the
as charge transfer (CT). Similar potential/photon dependence basis of direct CT mechanism."'® Based on the theory of Tang
phenomena of SERS were also observed by Otto,"”>"%” and Albrecht'*" and the work of Adrian,"*° they incorporated
Ueba,'*®'% Furtak,"'>'"" Lombardi,'"> Weaver'"®> and coau- the Herzberg-Teller mixing of zero-order Born-Oppenheimer
thors in pyridine and other SERS molecular probes on Ag electronic states by using of vibronic interaction terms in the
electrode systems under different excitation wavelengths of Hamiltonian. Considering both Franck-Condon and Herzberg-
laser, which elicited a surge of studies on chemical enhance- Teller contributions, they predicted the potential dependent
ment (CE) mechanisms in early years of SERS,'0671091137120 Raman intensity profiles that fit very well to the observed

The CE mechanism mainly focused on the increase or intensity vs. voltage profile for pyridine adsorbed on a Ag
change of spectral intensity from chemical active site properties electrode as shown in Fig. 12d, although the surface coverage
on the surface such as the bonding and molecular adsorption was not strictly considered.
orientation between probe molecules and surfaces. The CE Aside from the previously studied enhancement by collective
mechanism developed in the early years of SERS centered (surface plasmon) excitations, Burstein et al in 1979 empha-
essentially in the CT resonance Raman enhancement. The CT sized the role of electron-hole excitations which, due to their
processes necessitate the association of the CT state between localized nature, coupled strongly with the adsorbed
the metal and the molecule. When the CT processes are molecules.'™ They further proposed the four types of elec-
resonant with the exciting radiation, it resembles an electronic tron-hole excitations related enhancement mechanisms,
resonance of the normal resonance Raman effect, which could including the three-step Frohlich scattering (Fig. 13a-i) and

1468 | Chem. Soc. Rev., 2025, 54, 1453-1551 This journal is © The Royal Society of Chemistry 2025
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Fig. 11 (a) The optical probe particle (i) intercepts an incident laser beam,
of frequency w;, and concentrates the field in a region adjacent to the
sample surface (ii). The Raman signal from the sample surface is reradiated
into the scattered field at frequency weoy. The surface is scanned by
moving the optically transparent probe-tip holder (iii) by piezoelectric
translators (iv). (b) Transverse dependence of coherent Raman enhance-
ment for several values of D/a, where D is the distance from the sample to
the center of curvature of the probe tip and a is the radius of curvature at
the probe tip. Figures are reproduced from ref. 103 with permission.
Copyright 1985 Optica publishing.

the four-step CT mechanism (Fig. 13a-ii)."** The former energy
transfer Frohlich mechanism was developed later by
Pettinger."*® While the latter four-step CT mechanism was
integrated to the adatom model proposed by Otto et al'®’
Burstein et al. in their work''* depicted a relatively comprehen-
sive physical picture of CE mechanism, despite that the quan-
titative estimation was not given, since at the time the theory of
the radiative excitation of electron-hole pairs was not complete
as well as precise information of interface energy level align-
ment was missing.

In 1981, Persson proposed a model for Raman scattering
from molecules chemisorbed on surfaces and found that CT
excitations between the Ag and the adsorbed pyridine mole-
cules could produce an EF of up to 10%.*"” In the same year, CT
states were experimentally observed for pyridine chemisorbed
on Ag(111) by Demuth and Sanda utilizing high-resolution
electron energy loss spectroscopy, which bolstered the CT
mechanism.*® Later, Adrian**® used the semiempirical Wolfs-
berg-Helmholz method to treat the molecule-surface

This journal is © The Royal Society of Chemistry 2025
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interactions and showed that CT Raman enhancements were
of the order of 10 to 1000 for the ethylene adsorbed on silver
model system. In this work, both Franck-Condon and Herz-
berg-Teller terms were derived, despite that the Herzberg-
Teller term was considerably smaller than the Franck-Condon
term for this model system.

Interfacial energy level alignment plays an important role in
the CT enhancement mechanism. Ueba et al.'*®'*® conducted a
detailed re-examination on the pyridine-silver system and
constructed an energy diagram of pyridine adsorbed on Ag.
They explained SERS as adsorbate-induced resonance Raman
scattering through CT excitations and used the Newns-Ander-
son model of chemisorption to obtain a large EF about 10°
when an extremely narrower CT state were assumed.

Following the CT mechanism proposed by Burstein et a
Otto and coauthors further proposed the four-step CT mecha-
nism based on the adatom model for pyridine and cyanide
anion adsorbed on Ag surfaces in electrochemical interfaces,""”
which predicted resonant-like Raman scattering by adsorbate
vibrations facilitated by photon-excited charge-transfer transi-
tions from localized electronic states at atomic-scale roughness
sites (e.g., “adatoms”) on Ag surfaces to the affinity levels of the
adsorbates (Fig. 13b). For pyridine adsorbed on a Ag electrode
(Fig. 13b-i), they considered that the CT process proceeds in
four steps, such as the generation of the surface plasmon
excitation, the formation of the negative ionic molecule, elec-
tron transfer back to metal equal to the energy and final
emission as radiating photons. The CT took place from the
Ag to the unoccupied molecular orbital of pyridine. While for
cyanide anions adsorbed on Ag electrode (Fig. 13b-ii), the CT
took place from adsorbed cyanide anion to the unoccupied
state above the Fermi level in Ag.

Although the CE, represented by the CT, processes typically
provide EFs about one to three orders of magnitude for non-
resonance Raman molecules, this phenomenon involves intri-
cate interactions between surfaces, photons and molecules.
Thus, it plays a crucial role in investigating molecular adsorp-
tion and chemical reactions on surfaces and cannot be over-
looked. Furthermore, to accurately quantify the SERS intensity,
a profound understanding of the CE effects arising from sur-
face interactions at the molecular level is essential.

In 1982, Chang and Furtak edited and published the first
book on SERS, which for the first time collected representative
theoretical and experimental contributions in the development
of the SERS field.®* There were some experimental exploration
of various SERS active substrates by chemical and physical
means.'>® %% In 1985, after nearly a decade of exploration
and competition, the electromagnetic theory represented by
surface plasmon mechanism became the dominant SERS
mechanism in the academic community, marked by the
famous review article by Moskovits.®

Overall, in the initial decade of its foundation, the theore-
tical framework of SERS gradually took shape, laying robust
groundwork for the field. Though it fell short of precisely
quantifying the SERS effect or fully unveiling the nature of
SERS-active structures, this foundational science served as the
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Fig. 12 (a) The SERS intensity of the adsorbed pyridine on Ag as a function of the electrode potential, (i) 1006 cm™, (ii) 1035 cm™, (iii) 3056 cm™?, (iv)
1215 cm™, (v) 1594 cm™?, (vi) 623 cm™%. (b) Conceptual model of the energy levels changing with the electrode potential in the CT process from
molecule to metal in the metal-molecule system: metal-neutral molecule A on illumination immediately before tunneling (left), electron tunneling to
the metal (middle), and adjustment of energy levels on formation of A* for the resonant tunneling case (right). (c) The relevant energy states and the
vibronic coupling involved in the Franck—Condon term and the Herzberg—Teller terms in the CT process. (d) The potential-intensity profile fitting from
the CT enhancement mechanism for pyridine adsorbed on a Ag electrode. Figures are reproduced from ref. 2, 115 and 118 with permissions. Copyright

1977 Elsevier. Copyright 1979 American Physical Society. Copyright 1986 AIP publishing.

bedrock upon which the next four decades of progress would
stand, guiding its evolution and inspiring further exploration.

3. The decade of persistent
exploration (mid-1980s—mid-1990s)

The journey of SERS had been fraught with significant chal-
lenges and limitations during its second decade. The generality
and versatility of SERS have been frequently questioned by the
broader scientific community beyond the communities of
Raman spectroscopy, materials and surface science.

According to the electromagnetic mechanism, the SERS
effect mainly arises from the excitation of surface plasmons
in free-electron-like metals with subwavelength structures.>"*°
Nevertheless, only a few metals like Ag, Au, and Cu, along with
some alkali metals can provide the significant enhancement
required for strong Raman signal amplification.**® The limita-
tion, that SERS rely on specific metals for giant enhancement,
severely restricts the breadth of practical applications involving
other materials, thus curtailing the versatility of SERS in
various scientific and industrial contexts.

Even these “free electron metals” require specific surface
morphologies to achieve the significant enhancement charac-
teristic of SERS. Surfaces must possess roughness, island-like
structure, or contain metal colloids in the sub-micrometer size

1470 | Chem. Soc. Rev,, 2025, 54, 1453-1551

range.®>®® In contrast, the atomically flat and structurally well-
defined surfaces commonly used in fundamental research in
surface science and interface engineering could not support the
necessary localized surface plasmon resonances.® As a result,
SERS could not be effectively applied to these structurally well-
defined surfaces, further limiting its adoption and utility. This
was especially awkward for SERS, given its name emphasizes
“surface-enhanced,” yet it struggled to gain acceptance and
make itself a useful tool across the scientific and industrial
communities.

Consequently, many research groups gradually abandoned
the field from the late 1980s to the mid-1990s, primarily due to
difficulties in securing research funding. Some young research-
ers even faced the risk of being dismissed. However, a few
scientists persisted in their efforts to break through the see-
mingly impossible barriers. The SERS effect, though incomple-
tely understood, remained an incredibly attractive
phenomenon due to its extremely high surface sensitivity.
Those who persevered in exploring new approaches believed
that SERS shouldn’t be so easily sentenced to death or exile.
The breakthrough might eventually occur, even though no one
could predict when.

3.1 The “borrowing SERS activity” strategy

During the mid-1980s and early 1990s, several research groups
tried to overcome the key limitations of generality. They aimed

This journal is © The Royal Society of Chemistry 2025
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(i) the three-step Frohlich Raman scattering mechanism and (ii) the CT

mechanism. (i) Step 1, and step 3 and 3’ correspond to the radiation excitation and recombination, of the electron—hole pairs, respectively. Steps 2
and 2’ correspond to the scattering of excited electrons and excited holes by the vibrations of adsorbed molecule, respectively. (ii) Steps 1 and 4
correspond to the radiative excitation and recombination of an electron—hole pair, respectively. Steps 2 and 3 correspond to the hopping of the excited
electron to and back from the virtual bound state of adsorbed molecule, respectively. An energy versus configuration curve for the virtual bound state, in
which Qg and Q' are the equilibrium and perturbated configuration of the molecule, is also shown. (b) the four-step CT processes for pyridine adsorbed
on a Ag electrode (i) and cyanide anion adsorbed on a Ag electrode (ii). Figures are reproduced from ref. 107 and 114 with permissions. Copyright 1979 &

1984 Elsevier.

to create SERS activity from metallic substrates beyond the
traditional materials of Ag, Au, and Cu, and to obtain Raman
signals from atomically flat single-crystal surfaces. Some
researchers have reported achieving both unenhanced'**™*3!
and enhanced"***** Raman signals from adsorbates on either
roughened or mechanically polished Rh and Pt electrodes and,
thereafter, on porous Pt, Pd, Ni, Co and Ti films."*> None-
theless, the SERS spectra documented in these studies have
either proven challenging to replicate or exhibited minimal
detectability.

As a result, these efforts were largely unacknowledged by the
Raman spectroscopy and surface science communities, casting
a bleak outlook on the potential of SERS. The mainstream
consensus was that SERS was not as important as initially
expected when it was discovered, and it seemed unlikely to
evolve into a generalized and powerful analytical tool.

Fortunately, a few determined groups continued their efforts
during this low period. They believed that the discovery of
SERS, which made highly surface-sensitive analysis possible,
suggested that finding ways to transform SERS into a versatile
tool was achievable,>*>'3¢ because when one door closes,
another window of opportunity often opens, revealing new
paths and possibilities. While the electromagnetic mechanism
of the SERS effect defined the limitations of substrates and
surfaces, it also left room for potential solutions to circumvent
these obstacles.

One of the highlights in that dark period is an innovative
strategy with long-term significance, i.e., exploring SERS signals
of adsorbates on semiconductor or transition metal surfaces,
see Fig. 14. This strategy utilized the long-range effect of the
electromagnetic field and deposited small Au or Ag islands on
the SERS-inactive substrate."*””**> The probed molecules on the
non-SERS-active surface can still experience the electromag-
netic field from the SERS-active-islands thus their Raman

This journal is © The Royal Society of Chemistry 2025

signals were enhanced accordingly. This strategy allowed
researchers to exploit the SERS effect on the traditionally
non-SERS-active surfaces, which was later referred to as ‘“bor-
rowing SERS activity”” strategy.'*’

The first investigation that introduced the concept of “bor-
rowing SERS activity” strategy was conducted and reported by
Van Duyne group in 1983."*” They deposited discontinuous Ag
overlayers or islands on non-SERS-active semiconductor sur-
faces pre-adsorbed with the molecules of interest, as illustrated
in Fig. 14a. Despite their poor nanostructure aggregate, the
SERS-active Ag islands created the long-range effect of strong
electromagnetic fields, enhancing the resonance Raman scat-
tering of adsorbates on the nearby semiconductor surface.
Consequently, surface-enhanced resonance Raman signals of
the adsorbed transition metal complexes molecules on n-GaAs
electrodes (Fig. 14c) were observed."?”'*°

In this preliminary trial of the “borrowing SERS activity”
strategy, it was challenging to ensure that the species of interest
were selectively adsorbed only on the non-SERS-active substrate
other than on the high-SERS-active Ag islands. In most cases,
molecules tend to undergo surface diffusion and eventually
adsorb on the high-SERS-active materials, which generate
stronger signals. The signals overshadowed the smaller signals
from the non-SERS-active surfaces of interest, thus complicat-
ing the analysis and reducing the effectiveness of the ‘““borrow-
ing SERS activity”’ strategy.

A more effective and reliable approach, which involved
electrochemical deposition of an ultrathin layer of weak or
non-SERS-active metal materials on Ag and Au roughened
substrates (Fig. 14b), was independently developed in 1987 by
Fleischmann group™®'*! and Weaver group.'*'**'** By bor-
rowing the strong electromagnetic field generated by inner Ag
or Au nanostructures, Raman signals of target molecules in
vicinity of their surfaces are enhanced even if the molecules are
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Fig. 14 Schematic illustrations of the two strategies for borrowing SERS activity: (a) deposit discontinuous SERS-active metal islands on the substrate to
study the molecules adsorbed on the non-SERS-active substrate; (b) coat an ultrathin non- or weak-SERS-active layer on the SERS-active substrate to
study the molecules adsorbed on the layers. (c) Surface-enhanced resonance Raman spectra of Ru(bpy)s>*-treated n-GaAs: without (upper) and with
(lower) discontinuous Ag islands overlayer by strategy illustrated in (a). (d) Raman spectra in the C-N stretching region before and after zinc deposition
onto a Ag electrode at the potentials (i) —1.2 V, (i) —=1.25V, (iii) —1.25 V, after 3 min, (iv) —=1.30 V, (v) —1.4V, (vi) —1.4 V after 1 min, (vii) — 1.4 V after 3 min,
(viii) = 1.4 V after 16 min. (e) Potential-dependent SER spectra in C—O stretching region for CO adsorbed on a platinum-coated Au electrode. (d) and (e)
were obtained by the strategy illustrated in (b). Panel a and b are reproduced from ref. 35. Copyright 2007 Royal Society of Chemistry. Panel c is
reproduced from ref. 137, copyright 1983 American Chemical Society. Panel d is reproduced from ref. 138, copyright 1987 Elsevier. Panel e is reproduced

from ref. 139, copyright 1987 American Chemical Society.

not contact with the SERS active substrate directly. For exam-
ple, as shown in Fig. 14d(i)-(iv), the peak ascribed to CN™
adsorbed on Ag was gradually replaced by a new peak ascribed
to CN~ adsorbed on zinc during the process of underpotential
deposition of zinc. Subsequently the peak intensity of CN™
adsorbed on zinc gradually decreased upon the further pro-
gress of overpotential deposition of the thick film as shown in
Fig. 14d(v)-(viii)."*® Fig. 14e illustrates that using an ultrathin
Pt film over roughened Au surfaces effectively reveals SER
spectra for carbon monoxide adsorbed on Pt thin film (ca.
one to three monolayers) with potential-dependence. Since the
enhancement decreases exponentially with increased distance
from the SERS-active substrate, the transition metal layer must
be ultrathin, typically only a few atomic layers, to effectively
borrow/experience the electromagnetic field. Meanwhile, the
ultrathin metal film must be pinhole-free to prevent direct
molecule adsorption on the underlying SERS-active Ag or Au
substate, which could lead to misleading spectral
interpretations.

It is worth noting that preparing ultrathin and pinhole-free
metal layers was quite challenging due to the irregular and
undulating surface of electrochemically roughened electrodes.
Despite their clear limitations at the time, these early efforts in
exploring the ‘“borrowing SERS activity”” strategy set a founda-
tion for solving generality problems and challenging seemingly
impossible boundaries.

3.2 Explorations on bio-SERS and electrochemical-SERS

During these challenging times, it is widely recognized that the
standard benchmarks and reproducibility are lacking in SERS
studies without extending the research to weak- or non-SERS-
active material, even with the use of roughened Ag and Au
electrodes or colloids. Furthermore, the messy and disorderly
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SERS-active sites, which include various ad-atoms, ad-clusters,
and surface complexes, undermines the rigorous scientific
standards required for systematic and reproducible studies.
Therefore, the coherent recognition and full support from
spectroscopy, analytical chemistry, biology, electrochemistry
and other fields were lacked in the SERS studies.

Fortunately, some researchers persisted in exploring various
research methods and application areas to enhance the advan-
tages and mitigate the disadvantages of SERS-active metals like
Ag and Au. Cu, being highly reactive and prone to forming
copper oxide, complicates the establishment of a reliable
benchmark. One approach is to focus on the detection sensi-
tivity for probing surfaces species because normally only mono-
layer or even sub-monolayer species (10"°-10"> per cm?) are
presented, especially for some weak Raman scatterers."*> %’
They developed several ways to improve the detection sensitiv-
ity: (1) employing a high numerical aperture lens to optimize
collection efficiency; (2) increasing laser power to the max-
imum permissible level without exceeding the damage thresh-
old; (3) utilizing the potential difference method to isolate the
faint interfacial signal from the stronger bulk signal; (4) select-
ing an appropriate excitation wavelength to leverage the reso-
nance Raman effect; and (5) maximizing the SERS effect
through appropriate modifications of the electrode
surfaces."**>°

Another crucial approach is to develop various methods for
creating new substrates that produce strong and stable SERS
signals. These methods include: roughening of electrode sur-
faces  through  multiple oxidation-reduction  cycles
(ORCs),"*11°17131  chemical etching of surfaces in acidic
solutions,"*™**” deposition of island films on substrates at
elevated temperatures,"® as well as the preparation of films
via evaporation or sputtering in a vacuum onto cryogenic

This journal is © The Royal Society of Chemistry 2025
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substrates (100 K),"° and electrochemical deposition."*"**°
Additionally, colloids—particularly aggregated ones, can be
generated through chemical methods'® or laser ablation.'®*
Sub-microstructure can also be prepared using lithographic,
self-assembly, or template techniques."®?

A highlight was the development of a highly stable SERS-
active Au substrate using an asymmetric ORC process, which
was proposed by Weaver and his colleagues.’®* The Au surface
showed a distinct brown color after repeating the process for
about 15 minutes, contrasting with the yellowish hue of highly
SERS-active Ag electrodes. Although the nanostructured sur-
faces were poorly defined at the time, their effectiveness was
evident, and the differences could be distinguished by the
naked eye, which often provides quicker and more sensitive
detection than a simple visible spectrometer in that time.

From methodologic view, SERS research could be broadly
divided into two trends: species identification from an analy-
tical perspective and structure/process characterization from a
physicochemical perspective.’®® The analytically oriented stu-
dies primarily focused on whether SERS could detect and
identify the target species in complex systems such as the
biologic systems. In contrast, physicochemical-oriented studies
require a more comprehensive understanding of the way and
the reason that target species interact with surfaces and their
surroundings by analyzing spectral features. To achieve this,
more systematic characterizations are needed to estimate all
the physical and chemical mechanisms involved, while con-
sidering surface selection rules. Additionally, it is necessary to
develop preparation methods for simpler SERS-active surface,
as the spectral features of the same probed molecules, whether
tightly trapped in a gap or freely adsorbed on a surface, can
differ significantly. These efforts are essential for providing
meaningful insights into adsorption configurations or reaction
mechanisms, such as in electrochemistry,*%:>%130:166:167
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During the 1980s, there was an increasing interest in the
utilization of the “SERS reporter” technique, which signifi-
cantly enhances the weak signals from targeted species by
employing reporters exhibiting strong (resonant) Raman sig-
nals. This approach has been demonstrated to be effective for
the trace detection of molecules in solutions, as well as for the
identification of specific molecules within live cells or animal
models. With the effort of Cotton et al,'*®'®® Koglin and
Sequaris,"’® Nabiev et al.'”* and other groups,'”>*”> SERS was
also extended to biological systems, including DNA (from base
to mononucleotide, double-stranded polynucleotides and mod-
ified DNA, as shown in Fig. 15), chromosomes, amino acid and
protein (e.g., lysozyme and BSA) and various porphyrin chro-
mophores. Although there are some criticisms of SERS or
surface enhanced resonance Raman spectroscopy (SERRS) as
a technique for biological systems regarding the possibility of
denaturation by the interaction with the SERS substrate sur-
face, the in vivo applicability of SERS was promisingly antici-
pated with the further improvements in SERS substrates and
instrumentation.*®%17°

This perseverance and creative problem-solving kept the
field of SERS research alive, eventually leading to its resurgence
and broader acceptance as a powerful analytical tool for various
branches of SERS.

3.3 Interfacial water as an unusual target by SERS

Regarding molecular generality and electrochemical applica-
tion, SERS also underwent a slow and intricate journey. In the
early exploration of molecules chemically or physically
adsorbed at surfaces, which can be probed by SERS, the surface
water molecules on electrodes stood out as one of the most
surprising and unique systems. Since water is one of the
most important molecules and the most essential solvent,
playing significant roles in interfacial processes such as
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Fig. 15 (a) SERS spectra of native DNA (top) and of poly(dA-dT)-poly(dA-dT) (bottom). DNA concentration 50 pg ml~* and 80 pg ml™2, respectively;
0.15 M KCL, 10~ M Tris pH 8; adsorption potential —0.6 V vs. Ag/AgCL. (b) SERS spectra of native and y-irradiated DNA. 0.1 M KCl + 2 x 1073 M Na,HPO,;
DNA concentration: 300 ug ml™%; pH 8.0; irradiated with y-rays from a ®°Co-source. Figures are reproduced from ref. 170 with permissions. Copyright

1986 Springer Nature.
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(a) The Raman spectra in the OH stretching frequency region of molar KCI/H,O with the laser focused on a polished Ag electrode. All spectra were

measured at a potential of —0.2 V. (i) Polished electrode; (ii) roughened electrode; (iii) roughened electrode pushed up against the cell window; (b) a
comparison of the Raman spectra in the OH stretching region and using the same intensity scale of: (i) pure H,O; (ii) 4 M KC{; (i) a Ag electrode roughened
in 1 M KCl, with the electrode pushed up against the cell window. Figures are reproduced from ref. 176 with permission. Copyright 1981 Elsevier B.V.

electrocatalysis, researchers were eager to obtain the SERS of
water after discovering the SERS effect. Although water is
naturally a very weak Raman scatterer, the presence of multiple
layers of water molecules at the interface often results in a
significant Raman signal. It can be reasonably assumed that
the SERS signal from the total amount of water molecules
should not be too weak. However, surface/interfacial water gave
no detectable SERS signals despite its universal presence at
most interfaces, which remained a puzzle.

In 1981 Fleischmann and coworkers were the first to obtain
SERS of water with a paper entitled “Enhanced Raman spectra
from species formed by the coadsorption of halide ions and water
molecules on silver electrodes”.'”® For this they adopted a special
experimental condition with a high concentration halide salt
aqueous solution, such as 1 mol dm > KCl, to obtain the SERS
signal from water, as shown in Fig. 16. In the experiment, the
Ag electrode underwent electrochemical oxidation-reduction
treatment in a KCl aqueous solution, and in situ observation
was immediately conducted in the same solution under con-
trolled electrochemical potentials. This procedure is effective in
avoiding the influence of surface contaminants. It was later
identified as a typical SERS-detectable coadsorption system
containing halide anions and water molecules.

In the same year, Pettinger et al. attributed SERS of water
and halide ions in a similar solution to the formation of surface
complexes involving Ag adatoms, halide ions, and water
molecules."”” The further experimental results provided a
strong evidence that the SERS signal of water was irreversibly

1474 | Chem. Soc. Rev., 2025, 54, 1453-1551

diminished when the applied potential was moved to highly
negative potentials. The desorption of halide ions from the
negatively charged surface led to decomposition of the SERS-
active site."”® Therefore, the SERS of water in surface complex
forms is most likely related to chemical enhancement. These
water molecules are atypical in the double layer of ordinary
electrolytes and this aspect of the SERS of water undermined
the utility of SERS for characterizing the water molecules
typically present in the double layer, dealing a heavy blow to
researchers’ confidence in using SERS as a powerful tool to
study electrochemical interfaces.

This great difficulty, however, only fueled the determination
of a small group of researchers to persistently unravel this
mystery. They thought that if we cannot understand SERS of
water, no one can claim SERS is truly useful and the SERS
mechanism is fully understood. In 1987, Funtikov et al
reported an intriguing and atypical finding regarding the
surface-enhanced Raman scattering (SERS) of water at silver
electrodes immersed in sodium sulfate solutions devoid of
(pseudo-)halide ions."”® They asserted that detection was lim-
ited to the SERS signal associated with the bending vibration of
water, while the characteristic stretching mode remained unde-
tectable. Furthermore, the study was confined to a narrow
potential range of —1.1 V to —1.45 V (with reference to a
saturated silver chloride electrode) owing to the interference
caused by hydrogen evolution at more negative potentials.

After seven years, progress was made through the coopera-
tion of Tian group and Funtikov group in 1994. They employed

This journal is © The Royal Society of Chemistry 2025
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a special ORC procedure to achieve a highly SERS-active surface
and obtain high quality SERS spectra of both the stretching and
bending vibration modes of water at Ag electrodes.'®® Addi-
tionally, by positioning the electrode as close as possible to the
optical window of the Raman spectroscopic cell to form a thin
layer cell, the interference of hydrogen bubbles and Raman
signal from bulk water was efficiently minimized. This allowed
for the investigation of the potential dependence of the SERS
intensity and frequency over a much wider potential range from
—0.5Vto —2.0 V (referred to saturated calomel electrode, SCE),
including potentials with severe hydrogen evolution. However,
to obtain high-quality SERS signals, a highly concentrated
electrolyte, such as 8 mol dm™ of NaClO,, was needed, leaving
some aspects of the puzzle unsolved.

Because of the efforts of these dedicated researchers
through the mid-1990s, the interfacial water systems probing
by SERS were systematically expanded to various transition
metal surfaces in different dilute electrolytes by Tian group,
via the several approaches including special ORC roughening
procedure, the use of a thin layer cell, as well as the difference
spectrum method when confocal Raman microscopy with
much higher detection sensitivity at surfaces was invented and
commercialized.'®" These works provided basic methods for
the later and wider exploration of interfacial water structures
on single-crystal surfaces of different metals in the past decade.

Looking backward to the first two decades of SERS, the
journey of SERS was fraught with significant challenges and
limitations. A broader historical and fundamental view is
needed to understand the reason why SERS had such a challen-
ging growth and took a difficult and intricate journey. It is now
much clearer that SERS is truly a branch of nanoscience, as
its sensitivity and spectral features critically depend on the
interaction between nanostructures and incident light. How-
ever, SERS was discovered about two decades before the advent
of nanoscience, thus lacking suitable experimental and theore-
tical methods that were finally developed in the 1990s and
beyond.

The first and second chapters of the SERS story are thus
unique and encouraging compared to many other scientific
fields because it would have been much easier to get started in
the mid-1990s when nanoscience was booming. However, the
early hard exploration was worthy as it marks SERS as one of
the oldest branches of plasmon-enhanced spectroscopy, plas-
monics, and even the broader field of nanoscience. The pio-
neers who laid the foundation of SERS and their persevering
spirits in those early decades deserve great respect.

4. SERS breakthroughs enabled by
advancements in nanoscience (mid-
1990s-—mid-2010s)

Undoubtedly, the significant advances and breakthroughs in
the SERS field were driven by nanoscience. To understand this
further, we need to examine why nanoscience gained momen-
tum in the 1990s rather than in the 1960s. In 1959, Richard
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Feynman had laid the conceptual foundation of nanoscience
with his famous lecture, “There’s Plenty of Room at the Bot-
tom”.'®> He proposed the potential for manipulating and con-
trolling matter at atomic and molecular scales, laying the
intellectual groundwork for what would later become nano-
technology. However, despite his groundbreaking vision, Feyn-
man was unable to develop nanotechnology tools or devices
directly, leaving the field open for further exploration and
advancement in the 1990s.

The three decades’ delay in opening the field of nanoscience
is mainly due to lack of adequate characterization methods.
From the perspective of the history of scientific development
and methodology, to precisely control and manipulate matter
at any scale, it is essential first to develop methods and tools
capable of observing that scale. The starting point could be the
1986 Nobel Prize in Physics awarded jointly to Ernst Ruska,
Gerd Binnig, and Heinrich Rohrer for their groundbreaking
contributions to microscopy techniques at the nano- and
atomic scales. These revolutionary methods provided unprece-
dented resolution, enabling scientists to image and manipulate
matter, effectively opening the door to nanotechnology. The
widespread recognition of any new field and its integration into
various scientific branches typically took 5 to 10 years, driven by
the development of in-house solutions or the commercializa-
tion of new instruments.

For the younger generation today, it may be hard to imagine
that in the 1980s, obtaining a nanometer-level scanning elec-
tron microscope (SEM) image was far more difficult for most
research groups worldwide than achieving a sub-angstrom
resolution with a transmission electron microscope (TEM) is
today. Scanning probe microscopes (SPM), such as the scan-
ning tunneling microscope (STM) and atomic force microscope
(AFM), were still in their infancy, with no commercial products
available. At that time, experimental techniques and theoretical
capabilities were inadequate to overcome the obstacles hinder-
ing SERS development. Highly active and stable SERS sub-
strates could not be rationally prepared or accurately
characterized at the nanoscale, leading to challenges in quan-
titatively analyzing and establishing mechanical models of
SERS. These challenges illustrate just how early researchers
were in the field, highlighting the crucial role of developing
new methods and instruments in emerging areas like
nanoscience and its one of the oldest branches, SERS.

4.1 The significant rise in SERS

The rapid development of nanoscience served as a booster for
SERS,*® which rose like a phoenix from the ashes in the mid-
1990s to 2000s, as evidenced by the significant increase in
annual publications (Fig. 17). A series of new synthesis meth-
ods for SERS-active nanoparticles (NPs), nanofabrication tech-
niques for structured surfaces, and advanced analysis methods
for characterizing the prepared nanostructures in the 1990s
contributed significantly to the progress of SERS substrates,
which evolved from roughened Au and Ag electrodes, island
films deposited on cold surfaces in the ultrahigh vacuum, and
colloidal aggregates,' >>%270183184 5 Ay Ag and Cu'®'8°
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nanoparticles featuring nanometer-sized gaps, shells, tips,
edges, and structured surfaces with nanometer-sized holes,
voids, bumps, grooves, or ridges.'*!>2%22:26:351877198 The char-
acteristic dimensions of the above structures are progressively
decrease from the ill-defined and disordered micrometer and
sub-micrometer scale to the defined and ordered tens of
nanometers scale structure, as shown in Fig. 18. The landmark
work marking the entry of SERS into the nano era was the
demonstration of SERS using monodisperse Au and Ag nano-
spheres by Natan and coworkers in 1995,'®” heralding the
phase when SERS substrates transitioned into a well-defined
structural stage.

4.2 Demonstration of single-molecule sensitivity in SERS

A significant milestone in the advancements of SERS in nano
era was the achievement of single-molecule SERS (SM-SERS)
detection. In 1997, Nie and Emory'* and Kneipp and
colleagues™ independently reported experimental evidence
observing SERS from single dye molecules on Ag nanoparticle
colloids (Fig. 19). This breakthrough not only pioneered a new
single-molecule spectroscopic method beyond single-molecule
fluorescence but also provided high energy-resolved molecular
vibrational fingerprint information while avoiding the common
photobleaching issues in single-molecule fluorescence.

At that moment, Nie had already noted that achieving SM-
SERS required suitable nanostructures and excitation condi-
tions, and he estimated a SERS EF of 10'*-10'° in their
experiments. (Note that these were wrongly referenced against
non-resonance Raman cross-section and were likely closer to
10" when using the corrected single-molecule EF definition.>**

1476 | Chem. Soc. Rev,, 2025, 54, 1453-1551

see Section 4.7) Nie wrote,"* “An unexpected finding during this
work was that a very small number of nanoparticles exhibited
unusually high enhancement efficiencies. These particles emitted
bright, Stokes-shifted (toward longer wavelengths) light and are
called hot particles.” While Nie performed resonant SERS
experiments, Kneipp applied near infrared (NIR) excitation
non-resonant to the target molecules and explained their single
molecule experiments by very strong electromagnetic enhance-
ment, related to Ag clusters (aggregates of Ag nanoparticles),
which is particularly effective at NIR excitation."®

The specific structure of these hot particles seems to be a key
to unveil the unexpected signal enhancement observed in SM-
SERS experiments. Nie investigated the morphology of these
hot particles using High-resolution AFM and found that “High-
resolution AFM images of selected hot Ag nanoparticles show that
the majority of them are well-separated, single particles with a
narrow size range of 110 to 120 nm in diameter, indicating a strong
correlation between enhancement efficiency and particle size.”"*
Experiments by Kneipp and colleagues showed that huge SERS
enhancement is related to colloidal clusters and NIR
excitation."?°*?% This observation was in agreement with
computations by Stockman et al. which showed that electro-
magnetic enhancement increases with longer excitation wave-
lengths in the fractal clusters.>°® By using electron microscopy,
Kneipp found that “Electron micrographs of the sol... show that
the colloidal solution is slightly aggregated and consists of small
100-150 nm sized clusters”."> However, it was not clear how the
clusters/single particles cause the efficient Raman enhance-
ment, and such SM level enhancement were not widely
accepted by the community at that time.

This journal is © The Royal Society of Chemistry 2025
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Aiming to understanding the SM-SERS mechanism, in 1999,

detailed electromagnetic calculations and experiments by K&ll
208,209

and coworkers

it'’s the giant electromagnetic field enhancement in the nano-
gaps between coupled Ag nanoparticles that are essential for

201,207

and Brus and coworkers

proved that

This journal is © The Royal Society of Chemistry 2025
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achieving SM-SERS. As shown in Fig. 20, the Raman spectra of
single hemoglobin in Ag nanoparticle dimer show significant
temporal fluctuation, which is consider as the direct evidence
of SM-SERS event. Fig. 20b and c confirmed the giant electro-
magnetic field enhancement (E*) in the nanogap of
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Society.

nanoparticle dimer, which is highly sensitive to the gap dis-
tance as well as the incident polarizations (Fig. 20d and e).
These results clearly elucidated the observations from the 1997
SM-SERS experiments by Nie and Emory, and Kneipp and
colleagues, revealing the electromagnetic mechanism under-
lying the SM-SERS, which also initiated the field of nanogap
plasmonics.

It is important to mention that actually Metiu and
coworkers”” had pointed out in 1981 that the gap between
nanostructures could lead to significant electromagnetic inter-
actions and produce enormous SERS enhancement inside the
gap. These “rare sites” were further conceptualized by Shalaev
et al. as the hotspots.”’® However, due to the limitations in
precise fabrication and characterization of such nanostructures

1478 | Chem. Soc. Rev,, 2025, 54, 1453-1551

at that time, the significance of gap mode in SERS was not
widely recognized until after the seminal single-molecule
experiments in 1997. Via rigorous theoretical analysis, Kill
and Xu further proposed that the gap between nanoparticle
dimers can generate significant optical trapping forces.>'" The
optical forces create an optical trap for molecules in the hot-
spots, thereby make the SM-SERS detection possible.

It is noteworthy that the initial SM-SERS studies were based
on ultra-low concentration of analytes, whereby the concen-
tration was diluted to the extent that only a single molecule was
present in the detection area. However, for a molecule to
contribute a signal, it must adsorb onto the ‘“rare hot parti-
cles/sites,” making it challenging to accurately estimate the
number of adsorbed molecules. The convolution of “rare sites”

This journal is © The Royal Society of Chemistry 2025
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Fig. 21 Group photo of International Symposium on Progress in Surface Raman Spectroscopy, held in Xiamen University, Xiamen, China during Aug. 14—
17, 2000. Attendees include (from the front row to the back row, counting from right to left): 1st row: Shu-Ming Nie (1st), Nai-Teng Yu (3rd), James Durig
(4th), Richard Van Duyne (5th), Martin Moskovits (8th), Andreas Otto (9th), Mildred Dresselhaus (10th), Aleksey Polubotko (12th), Ricardo Aroca (13th),
Vladimir Shalaev (14th), John Lombardi (15th), Zhong-Qun Tian (16th); 2nd row: Linda Prinsloo (1st), Alexandre Brolo (3rd), Joel Rubim (8th), Kwan Kim
(11th); 3rd row: Alan Creighton (2nd), Bernhard Schrader (5th), Wieland Hill (6th), Andrzej Kudelski (10th), Christy Haynes (11th); 4th row: Katrin Kneipp
(Ist), Yan-Xia Chen (3rd), Marek Prochazska (5th), Jurgen Popp (6th), Ralf Gessner (7th), Kiki Gessner (8th), Volker Deckert (11th), Wei-Qing Xu (15st); 5th
row: Andreas Emge (6th), J6rg Kottmann (8th), Jian-Lin Yao (9th), Louis Brus (11th), Bin Ren (13th), Juan Otero (17th), Bing Zhao (18st).

(or hotspots) with ultra-low concentrations results in poor
statistical reliability and soundness, thus aroused numerous
doubts and led to debates regarding the interpretation and
even the reality of the observations of SM-SERS.'*'* These
debates were only fully settled with the development of the
bi-analyte SERS technique for an unambiguous demonstration
of single-molecule SERS detection.*'>>'*

While the electromagnetic theories developed in the first
phase of SERS history by numerous pioneers provided a solid
foundation for the resurgence of SERS,*>046567:69.75790 ji g
essential to recognize that the substantial advancements in
nanostructure preparation, characterization, and theoretical
and computational methods during the mid-1990s to 2000s
contributed to the beginning of the resurgence of
SERS,'15187,201,207-210,2122215  quhsequently a  substantial
amount of research further propelled the revival of SERS in
the nanotechnology era.>"*

An international symposium on Progress in Surface Raman
Spectroscopy was held in Xiamen University, Xiamen, China
during Aug. 14-17, 2000. The symposium brought together
approximately 80% of the most active and leading researchers
in SERS worldwide, as depicted in the group photo in Fig. 21
and the symposium program, to present cutting-edge methods
and advancements. This symposium provided a dynamic plat-
form for discussing and even debating SERS mechanisms, SM-
SERS, the newly invented TERS, and their applicability to
broader systems. The detailed topics can be found in the
program as shown in Table 1.

In 1997, skepticism regarding the 10'* EF claimed for SM-
SERS from the mainstream community was quite similar to the
strong doubts about the 6th power EF claimed for SERS in 1977.
Therefore, validations and mechanisms of SM-SERS became a

This journal is © The Royal Society of Chemistry 2025

major focus of the symposium. To delve deeply into this theme,
round table discussion 1 was arranged immediately following
the presentations by Kneipp and Nie, to examine and discuss
the challenges and opportunities within SM-SERS. Round table
discussion 2 was held after presentations by Campion, Shalaev,
Otero, and Kottman to highlight the latest progress in physical
and chemical enhancement mechanisms. These heated discus-
sions and debates were instrumental in exchanging various
views and advancing theoretical methods.

Notably, the symposium coincided with newly reported
TERS results, and Deckert, one of the inventors, delivered an
acclaimed plenary presentation despite being an early-career
researcher at that time. Coincidently, the dual advances of SM-
SERS and TERS methods have collectively captured significant
attention from experimenters and theorists, focusing on the
same ‘hotspot’—the singular behavior of molecules, nano-
particles, and nano-tips with profoundly high local electromag-
netic fields. This focus has ultimately positioned SERS as a new
scientific Frontier, extending the boundaries of knowledge
beyond traditional surface spectroscopy.

Moreover, efforts to broaden the materials generality of
SERS, such as transition metal SERS using confocal microscopy
reported by Ren and semiconductor SERS by Quagliano, also
invoked some interests. Many topics have continued to evolve
over the subsequent decades of SERS research. The collective
contribution by all participants reinvigorated research momen-
tum in the field, marking a shift from a low-tide phase to a
dynamic, nano-driven SERS era.

4.3 Key methods of SERS since the mid-1990s

SM-SERS demonstrated the astonishing sensitivity of SERS,
fueling the belief that SERS, when combined with well-defined

Chem. Soc. Rev,, 2025, 54,1453-1551 | 1479
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Fig. 22 The timeline of key methods since 1990s (a) toward well-ordered SERS-active micro-/nano-structures fabrication for high-sensitivity of SERS;
(b) key methods for high spatial and temporal resolution; (c) key methods for expanding the generalities of SERS substrate materials and morphology. (d)
key methods for quantification of SERS EF and quantitative analysis. The abbreviations: TM: transition metals; SHINs: shell-isolated nanoparticles; NPoM:
nanoparticle on mirror; MCBJ: mechanically controllable break junction; STM: scanning tunneling microscope; SESORS: surface-enhanced spatially
offset Raman spectroscopy; LT-UHV: low temperature-ultrahigh vacuum; tr: time-resolved; TE-CARS: tip enhanced coherent anti-Stokes Raman
spectroscopy; SE-FSRS: surface enhanced femtosecond stimulated Raman spectroscopy; tr-SE-CARS: time-resolved surface enhanced CARS; tr-TERS:
time-resolved TERS; SM tr-SE-CARS: single molecule tr-CARS; fs-tr-TERS: femtosecond time-resolved TERS; UPD: underpotential deposition; ATR-
SERS: attenuated total reflection-SERS; EC-TERS: electrochemical TERS; NC: nanocrystal; EF: enhancement factor; CT: charge transfer.

nanostructures and characterization techniques, can usherina format, covering aspects such as detection sensitivity, spatial
new era of development opportunities. This realization sparked and temporal resolution, materials and morphology general-
widely renewed interest among researchers in the field of SERS. ities for SERS, and quantitative analysis of SERS (see Fig. 22).
Leveraging rapid advancements in nanotechnology, numerous These achievements have greatly propelled the three decades of
methods in SERS research have flourished, creating a vibrant continuous explosive growth of SERS.

and dynamic landscape. We meticulously and comprehensively Nano-driven SERS has also opened new avenues for pushing
organize these methods from the past decades in a matrix the limits of capability, reliability, and applicability. With the
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ability to precisely engineer and control nanostructures at the
atomic level, researchers can now tailor the plasmonic proper-
ties of SERS substrates to enhance the signal, improve reprodu-
cibility, and expand the range of analytes that can be
detected.”'*° Moreover, the integration of SERS with spatial-
resolved and time-resolved spectroscopic techniques, such as
TERS and ultrafast spectroscopy, has enabled the investigation
of chemical and biological processes with unprecedented spa-
tial and temporal resolution.'®*?'®?!” These developments
have not only deepened our understanding of the fundamental
mechanisms underlying SERS but have also paved the way for
its widespread adoption in various fields.*"*

It is important to highlight that SERS is the eldest member
of the broader family of nanostructure-based plasmon-
enhanced spectroscopy techniques.>® By harnessing the plas-
mon enhancement effect of nanostructures, other spectro-
scopic methods such as surface-enhanced infrared
absorption,>*® surface-enhanced fluorescence spectroscopy,*'’
and surface-enhanced nonlinear spectroscopy*'” (including
surface-enhanced second harmonic generation,”*® sum fre-
21 third harmonic generation,>** four wave

0

quency generation,
mixing,”*® and coherent anti-Stokes Raman scattering®**) were
also realized. These advancements clearly demonstrate the
tremendous progress and boundless possibilities that the field
of surface-enhanced spectroscopy has experienced and driven
by the development of nanoscience and technology.

In the development of SERS, the researchers have enjoyed
exchanging ideas and establishing deep cooperation via inter-
national meetings including two Faraday discussions on SERS
(held in 2005,%*® 20172%%), the biennial International Confer-
ence on Raman Spectroscopy (ICORS) (of which, SERS is the
largest branch), and other SERS or TERS symposia. Readers are
referred to these proceeding papers especially the records of
two Faraday discussions to witness the full collision of
ideas.225_227

4.4 Key methods for high sensitivity

4.4.1 Concept of SERS hotspots. The mechanism behind
the hotspots in SM-SERS is the electromagnetic field enhance-
ment in gap mode SERS. Fig. 23a shows three typical nanos-
tructures that exhibit gap mode SERS/TERS, which includes the
nanoparticle dimer, nanoparticle on substrate and tip on
substrate. The electromagnetic enhancement in SERS involves
a two-step process, as shown in Fig. 23b. The first step involves
a localized enhancement of the electromagnetic field near
plasmonic nanoparticles (NPs) at the incident frequency (wo).
In this stage, the plasmonic NPs serve as optical antennas,
transforming the incident far-field light into a concentrated
near-field. In the subsequent step, the enhancement is influ-
enced by the derivatives of the Raman polarizability of the
molecule-NP system, which arise from the significant inter-
action between the induced dipoles of the molecules and the
dipoles or multipoles of the NPs. Here, the plasmonic NPs
function as transmitting optical antennas, retransmitting the
near-field back to the far-field at the Raman scattered frequency
(wg). The EF at this stage is directly related to the square of the
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local electric field (Ej,) at wg. For vibrational modes of
adsorbed molecules at the low-frequencies, the incident and
Raman scattered frequencies are usually similar, leading to
comparable EFs in the first and second steps (Gi(w,) and
G,(wg), respectively). Consequently, the SERS EF is proportional
to the fourth power of the enhancement of the local electric
field:">?*

Gsers = G1(00)G2(wr)
= (|Eroc(@0) I” | Eroc(@r) )/ (|Eo(@0) |*| Eo(@r) )
X |Eioc(@0)] /| Eo(@o)|" 3)

The electromagnetic field surrounding such nanostructures
is highly localized in specific areas referred to as SERS hotspots
(Fig. 23). These hotspots can include configurations such as
nanotips, interparticle nanogaps, or gaps between particles and
substrates,>77,78:209,210:228-237 The [ocal electromagnetic field
in the nanogaps between Au or Ag nanoparticle dimers with
nanogaps is extremely intense and highly sensitive to the
interparticle gap distance. For instance, when the gap size of
a dimer composed of gold nanospheres is decreased from
10 nm to 1 nm, the SERS EF improves dramatically from 10*
to 10° (Fig. 23c). Consequently, the SERS signals are signifi-
cantly amplified from these hotspots, even enabling single-
molecule detection.'*">201,213,2387240

4.4.2 Development of SERS-active nanostructures by
bottom-up synthesis. As the electromagnetic field near the
nanostructures is closely associated with surface plasmon
resonances, which can be tuned to enhance the SERS activity
by precisely controlling the nanostructures, particularly their
optical couplings. For example, the position and scattering
attributes of plasmon resonance peaks in nanostructures are
influenced by factors such as the size, shape, and arrangement
of the nanoparticles. During this period, driven by the rise of
nanotechnology, various nanoscale characterization techni-
ques, such as high-resolution scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and AFM,
were progressively developed. This advancement, in turn, facili-
tated progress for controllable nanostructures in synthesis and
fabrication techniques. Consequently, numerous methods for
the controlled synthesis of nanoparticles and more complex
nanostructures have emerged,"?3>198241-243

In 2006, Xia and coworkers developed a method for synthe-
sizing monodisperse single-crystalline Ag nanocubes
(Fig. 24a).**** Garcia de Abajo, Liz-Marzan, and coworkers
introduced a simple synthetic method for zeptomol SERS
detection of non-resonant molecule by sandwiching the analyte
between the tips of Au nanostar nanoparticles and a flat Au
surface (Fig. 24b).>*® This was accomplished by exploiting the
lightning rod effect of individual nanostars and the plasmonic
coupling between the nanostars and the Au film.

In addition to nanostructures with varying morphologies,
core-shell nanoparticles represent a significant category of
SERS substrates due to the wide range of possible combinations
of core and shell materials, different shell thicknesses, and

This journal is © The Royal Society of Chemistry 2025
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(a) Representative nanostructures for gap-mode SERS/TERS, including nanoparticle dimer, nanoparticle on substrate and tip on substrate (b) The

two-step process of enhancement of the electromagnetic field in SERS for nanoparticle dimer. (c) The spectra of the maximum Raman EFs for

nanoparticle dimers with different gap widths.

distinct optical properties (see Fig. 25), which offers a
new degree of freedom to modify the optical properties
of nanostructures. These variations, particularly in
dielectric indices, can lead to diverse SERS activities and novel
applications, which play the a key role in overcoming the
limitations of the material and morphology generality of
traditional SERS.

In 1997, Halas and colleagues pioneered the development of
nanoshells, consisting of a dielectric core and a metallic
shell.>®***” By manipulating the dimensions of the core and
shell, the resonance wavelength of the structure can be tailored

This journal is © The Royal Society of Chemistry 2025

across the visible to near-infrared spectrum (Fig. 24c and 25c).
Subsequently, Nordlander, Halas, and coworkers introduced
the plasmon hybridization theory,>®® drew from molecular
orbital theory, which effectively explained and predicted the
optical properties of nanoshell and other plasmonic
structures.'”® Nanoshells offer two key advantages as SERS
substrates: (1) the plasmon resonance can be easily tuned to
match the wavelength of the pump laser, and (2) nanoshells
exhibit significantly larger field enhancements compared to
solid metal cores due to hybridized plasmon resonances, which
we will discuss in detail in Section 4.4.10.

Chem. Soc. Rev,, 2025, 54,1453-1551 | 1483
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Fig. 24 SERS-active nanoparticles synthesized using bottom-up method. (a) SEM image of a Ag nanocube. Reproduced from ref. 245 with permission.
Copyright 2007 American Chemical Society. (b) High-resolution STEM dark-field image of a single Au nanostar. Reproduced from ref. 246 with
permission. Copyright 2009 American Chemical Society. (c) A TEM image of SiO,@Au nanoshells. Reproduced from ref. 198 with permission. Copyright
2007 American Chemical Society. (d) TEM image of a SERS-active Au nanoparticle coated with a 40 nm thick silica shell. Reproduced from ref. 247 with
permission. Copyright 2003 American Chemical Society. (e) TEM image of the Au core-molecular tag-Ag shell nanoparticles. Reproduced from ref. 248
with permission. Copyright 2015 Wiley. (f) TEM image of a SiO, shell-isolated nanoparticle. Reproduced from ref. 20 with permission. Copyright 2010
Springer Nature. (g) SEM image of gapped nanowire structures with dimers, trimers and tetramers. Reproduced from ref. 197 with permission. Copyright
2006 by The National Academy of Sciences of the USA. (h) SEM image of a dimer of Ag nanospheres. Reproduced from ref. 191 with permission.
Copyright 2009 American Chemical Society. (i) High-resolution TEM image of a single-DNA-tethered Au—-Ag core-shell dimer. Reproduced from ref.
249 with permission. Copyright 2013 American Chemical Society. (j) SEM image of a Langmuir—Blodgett Ag nanowire monolayer deposited on a silicon
wafer. Reproduced from ref. 250 with permission. Copyright 2003 American Chemical Society. (k) SEM image of Au nanorods 3D-supercrystals.
Reproduced from ref. 193 with permission. Copyright 2011 by The National Academy of Sciences of the USA. () TEM image showing the size distribution
of the 20 nm Ag nanoparticles. Reproduced from ref. 251 with permission. Copyright 2005 American Chemical Society.

253 263
1, d.

Another breakthrough was made in 1999 by Porter and tags within a silica shel adapting Liz-Marzan’s metho

coworkers,”® which employed dielectric shell coated Au nano-
particles with embedded molecules (Raman tag) that possess a
high Raman scattering cross-section in the shell as Raman
labels for bioanalysis. They®*® and Mirkin and coworkers>®°
developed a Raman tag system, known as extrinsic Raman
labels (ERLSs) by functionalizing Au nanoparticles with a Raman
reporter molecule. The ERLs are applied in sandwich immu-
noassay of biomolecules, where the SERS signals do not come
directly from the biological analyte, but from the tag. Therefore,
the sensitivity can be greatly improved and a library of ERLs can
be implemented for analytical multiplexing.”®" In some cases,
this Raman tagging system suffers from weak stability and easy
aggregation. Although the aggregation issue can be addressed
by proper surface modification,>®* the competitive adsorption
between the tag molecules and the antibody or DNA on the Au
surfaces may pose limitations in certain applications.

To address this limitation, Natan and coworkers further
developed Au@tag@SiO, nanoparticles, incorporating Raman

1484 | Chem. Soc. Rev, 2025, 54, 1453-1551

These particles featured a 35 nm Au core and a 40 nm thick
silica shell.>>® The silica shell protected the Raman tags,
significantly enhancing the system’s stability. Additionally,
antibodies or DNA used in sandwich immunoassays could be
assembled on the silica shell, preventing competitive adsorp-
tion with the Raman tags. This approach enabled the prepara-
tion of a large library of unique Raman tags, facilitating the
probing of multiple biological components in both in vitro and
in vivo environment (Fig. 25¢).2%*

Nie and coworkers further enhanced the detection sensitiv-
ity of the Au@tag@SiO, system by replacing the tag with dye
molecules (Fig. 24d and 25d).>*” In their system, SERS enhance-
ment was combined with the SERRS effect of the dyes, resulting
in total EFs up to 10"*-10", thereby opening new possibilities
for ultrahigh-sensitive bioanalysis. They also explored alterna-
tive shell materials, such as multiple ligands®®® and
polymers,”®® to accommodate different detection scenarios.
These tagged core-shell nanoparticles have been widely used

This journal is © The Royal Society of Chemistry 2025
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Fig. 25 Schematic of eight different strategies used for SERS measurements of probe molecules: (a) pure Au nanoparticles developed by Natan
group.*®’ (b) Au nanoparticle coated with an ultrathin transition metal shell by Weaver group.2®? (c) Au nanoshells by Halas group. (d) Au core coated with
a porous and thick silica shell and Raman tags by Nie and Natan groups.24”25% (e) Au core bonded with Raman reporters and coated with thiol-modified
PEG and heterofunctional PEG (SH-PEG-COOH).2* (f) Au core coated with a dense and ultra-thin silica shell by Tian group.2° (g) Au core coated with a

dense and ultra-thin silica shell and modified nano-catalysts by Li group.2>® (n) DNA-anchored nanobridged nanogap particles by Suh and Nam

groups.?*’

in SERS bioanalysis, including in vitro diagnostics, in vivo
spectroscopic detection, and image-guided cancer surgery.>®
For instance, they achieved the specific Raman detection of
tumor cells in vitro and in vivo by conjugating these core-shell
tag nanoparticles to tumor-targeting ligands.>>*

Building on the core-shell tag strategy, Ren and colleagues
developed a quantitative SERS method in 2015, utilizing the tag
as an internal standard (IS) (Fig. 24e).>*® Quantitative analysis
in SERS is often challenging due to the low uniformity and
reproducibility of SERS signals, which arise from the sensitivity
of signal enhancement to the local structure of hot spots. In
their systems, the IS molecules were embedded within the shell
while the target molecules were adsorbed onto the outer sur-
face. This configuration prevents competition for surface bind-
ing sites, ensuring that the IS signal remains unaffected by the
surrounding detection environment. The IS signal effectively
corrects for signal fluctuations caused by variations in the SERS
substrate and detection conditions, enabling accurate quanti-
tative SERS analysis across diverse environments (see Section
4.8 for details).

However, it should be noted that strong Raman enhance-
ments have predominantly been obtained on Au, Ag, Cu
nanoparticles or nanostructures, a limitation commonly
referred to as the “material limitation of SERS”. This limitation
has significantly hindered the applications of SERS in the study
of important surface and interface processes of a great diversity
of materials. To address this long-standing issue, the ‘“borrow-
ing SERS activity”” strategy was developed.'?” 39141142144 Early
research primarily focused on depositing transition metal
shells on rough Au or Ag electrode surfaces (see Section 3.1).

This journal is © The Royal Society of Chemistry 2025

In 2002, Weaver group took the advantage of the advance-
ment of nanoscience, introducing a synthesis nanoparticle
overcoated electrode technique to replace the electrochemically
roughened electrode using underpotential deposition (UPD)
and redox replacement to coat Au nanoparticles with a transi-
tion metal layer, thereby creating more versatile nanoparticle-
based SERS substrates.>** This work, for the first time, trans-
formed the SERS substrate from roughened electrodes to self-
assembled nanoparticle structures, moving from ill-defined
structures to well-defined ones. Initially, gold nanoparticles
were assembled on an indium tin oxide (ITO) surface using a
coupling agent that interacted with amine groups. A monolayer
of Cu was then electrochemically deposited via the UPD
method, then was chemically replaced by Pt or Pd. This process
resulted in a pinhole-free, single-atomic-layer thick transition
metal coating on the gold nanoparticles. As a result, the strong
electromagnetic fields generated by the ordered nanostructure
enhance the Raman signals adsorbed on the transition metal
shells. Compared with traditional rough electrodes, such a
nanoparticle-based substrate is more ordered, offer better con-
trol, and exhibit higher Raman enhancement capability. How-
ever, this process was highly complex, involving surface
functionalization, electrochemical UPD, and redox replacement
for the coating of each monolayer.

To address the issue of the cumbersome nature of the above
method, Zhang and colleagues developed a more versatile and
simplified wet-chemical synthesis technique to create Au@Pt
core-shell nanoparticles and collaborated with Tian group to
test the SERS performance.?®” By combining two approaches
from Weaver group and Zhang group, Tian and colleagues have

Chem. Soc. Rev,, 2025, 54,1453-1551 | 1485
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systematically developed the “borrowing SERS activity”’ strategy
based on the Au core-transition metal shell (Au@TM, TM = Pt,
Pd, Rh, Ru, Co, Ni, etc.) nanoparticles, extending SERS applica-
tions to transition metal electrode surfaces. By precisely con-
trolling the ratio of gold nanoparticles to transition metal
precursors in the solution, accurate modulation of the transi-
tion metal shell can be achieved, thereby avoiding the cumber-
some procedures associated with the above UPD method.****
The transition metal shell comprised only a few atomic layers,
with the inner Au nanoparticle serving as a plasmonic core to
enhance Raman signals from molecules adsorbed on the shell.

This approach provided a strong enhancement (around 4-5
orders of magnitude), sufficient for molecular-level analysis.*®
A key advantage of this method was the ability to easily adjust
the shell thickness by varying the ratio of Au nanoparticles to
transition metal precursors, making the process both simple
and flexible."*>?%® Additionally, the synthesized nanoparticles
could be directly assembled on electrode surfaces without
interference from coupling agents, thus facilitating their use
in electrochemical studies.

It must be emphasized that although the “borrowing SERS
activity” strategy has somewhat expanded material versatility,
many metals, alloys, semiconductors, and polymers cannot be
effectively utilized with such ultrathin coatings. Consequently,
a fundamentally different approach is needed. Tian and collea-
gues identified this bottleneck:*"***°° all previous SERS-active
substrates inherently functioned as both signal amplifiers and
sites for molecular adsorption, creating a conflict between
these two roles.>®® For example, it’s nearly impossible to use
one hand to cook while simultaneously using the other to write
a paper! In other words, the traditional working mechanism of
SERS is based on a contact mode, where the analyte must be
directly adsorbed onto the surface of the Raman-enhancing
material. However, for many studies, it is necessary to develop a
non-contact mode, in which the analyte adsorbs onto the
surface of the material of interest rather than directly contacting
the SERS-active material, thereby avoiding signal interference.

The optimal solution is to separate these two functions: the
SERS-active core should be coated by an inert layer that does
not adsorb any probed molecules, allowing it to act solely as an
electromagnetic field enhancer. This separation could over-
come the limitations related to material and morphology,
thereby improving the versatility and applicability of SERS
studies. However, finding an effective method to coat a chemi-
cally and electrically inert ultrathin layer remains a significant
challenge.

To address this issue, Tian group developed a new technique
named shell-isolated nanoparticle-enhanced Raman spectro-
scopy or SHINERS by using Au nanoparticles coated with
ultrathin, pinhole-free silica shells as Raman amplifiers (see
Section 4.6.5).>° The key technical challenge was synthesizing
an ultrathin, pinhole-free dielectric shell. They devoted over
two years optimizing the synthesis of ultra-thin and dense SiO,
coated Au nanoparticles (Fig. 24f and 25f).>° Characterization of
such ultra-thin silica shells on the Au nanoparticles was also
very challenging at that time. Collaborated with Wang on high-
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resolution TEM, they demonstrated the pinhole-free shells with
a thickness of ~2 nm have been homogeneously coated on the
Au nanoparticles.>°

The principle of SHINERS is fundamentally different from
the Au@SiO, particles with thick and porous shells developed
by Natan and Nie, as ultrathin but pinhole-free silica shells
coated Au nanoparticles are employed as the Raman amplifiers.
Meanwhile, the signals for the core-shell tag strategy are from
the Raman markers, while the core-shell tag strategy produces
signals from Raman markers, SHINERS detects signals directly
from the target species, making it particularly promising for
in situ monitoring of structural evolution and chemical reac-
tions of target species (see Section 5.2.2).

However, widely used nanocatalysts are typically on a sup-
port (oxide, carbon, etc.) with a high specific surface area, and
the concentration of active sites is relatively low. For oxide bulk
materials, there is no strong plasmonic coupling effect between
shell-isolated nanoparticles (SHINs) and supported nanocata-
lysts, leading to weaker enhancement (generally only 10°-10%).
To address this issue, Li, Chen, Fu and colleagues developed a
SHINERS-satellites strategy to achieve an in situ Raman study
on practical catalysis,>®> by assembling nanocatalysts on the
surface of SHINs, forming a nanostructure with Au as the core,
silica as the shell, and nanocatalysts as satellites (Fig. 25g).
Such a structure ensures that the nanocatalysts are within the
enhancement range of Au, and the plasmonic coupling effect
generated by hotspots of the SHINs particles leads to a Raman
EF 2-3 orders of magnitude higher than that of dispersed
SHINs. This configuration enables in situ study of the reaction
processes on the surface of the nanocatalysts. Using this
SHINERS-satellite strategy, the effects of catalyst composition,
size, and support on the surface reaction processes and catalyst
performance were studied at the molecular level.>”°

Another interesting class of core-shell nanoparticles com-
prises the coating of SERS-active by thermosensitive polymer
shells (e.g. poly-N-isopropylacrylamide, pNIPAM).>”* Through
changes in the hydrophilic/hydrophobic character of the poly-
mer shell, Liz-Marzan and co-workers demonstrated the possi-
bility of reversibly trapping and detecting molecules without
affinity for the metal surface, such as 1-naphthol.>”*

As the SERS signals from coupled nanoparticles are highly
sensitive to the interparticle distance and orientation, to
achieve uniform and reproducible SERS signals essential for
the quantitative analysis, precise control of particle configu-
ration is crucial. Controlling the coupling between nano-
particles is an effective approach to generate SERS hotspots.
Mirkin and colleagues fabricated controllable Au disk dimers,
trimers, tetramers, and pentamers using an on-wire-
lithography method (Fig. 24¢)."” Xia and co-workers control-
lably synthesized Ag nanosphere dimers with a diameter of
around 30 nm and an interparticle gap size of approximately
1.8 nm (Fig. 24h).’®' Controlled assembly of nanoparticles for
SERS have also been demonstrated using DNA origami,>”?
polymeric self-driven arrangements®>”®> and supramolecular
chemistry””* among other approaches. Nam and coworkers
synthesized DNA-tethered Au nanosphere dimers overgrown

This journal is © The Royal Society of Chemistry 2025
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Fig. 26 Array substrate fabricated using top-down methods for SERS. (a) SEM image of a Ag particle array produced by evaporating Ag onto sides of SiO,
posts. (b) AFM image of single-layer periodic particle arrays fabricated by NSL. (c) SEM image of closed Au nanofingers after molecule trapping. (d) SEM
image of a periodic array of Ag particles, fabricated by electron beam lithography and reactive ion etching. (e) SEM image of a periodic arrays of sub-
wavelength nanoholes in Au films, fabricated by focused ion beam milling. (f) SEM images of a sculpted substrate prepared using 600 nm diameter
spheres. Reproduced from ref. 184, 192, 241 and 278-280 with permission. Copyright 1981 Elsevier. Copyright 200162010 American Chemical Society.
Copyright 1998 Elsevier. Copyright 2004 American Chemical Society. Copyright 2005 Royal Society of Chemistry.

with a conformal Ag nanoshell (Fig. 24i).2*¢>49?”° These Au@Ag
nanodumbbells with a ~1 nm nanogap exhibited high EFs
capable of even single-molecule detection due to the ultra-
narrow gap coupled with the Ag shell.

By uniformly synthesizing core-gap-shell nanoparticles with
~1 nm nanogaps at high yield, Nam group achieved significant
SERS enhancement with a narrow EF distribution.>®” For the
synthesis of the Au nanobridged-nanogap particles (AuNNPs),
an Au core was grafted with dye-modified DNA followed by the
budding and growth of an Au shell while leaving 1-nm gap
inside the particle (Fig. 25h). The DNA strands acted as surface
blocking ligands to generate the nanogap, with thickness equal
to the width (~1 nm) of DNA.?”® The dual role of DNA - as both
a morphology-determining agent and a carrier for incorporat-
ing Raman tags into the gap — became the basis for the design
and synthesis of a series of nanoparticles with controlled
interior and exterior nanogaps.

Solid SERS substrates require consistent SERS signals across
a sufficiently large area. Therefore, achieving moderate repro-
ducibility requires the nanoparticles on a solid support to be
arranged in a close-packed manner. Yang and coworkers pre-
pared a monolayer of Ag nanowire thin film using the Lang-
muir-Blodgett method (Fig. 24j),>>° while Liz-Marzin and
coworkers synthesized a 3D superlattice of Au nanorods
(Fig. 24k),'** achieving uniform electric field enhancement as
well as high reproducibility and sensitivity for SERS detection.
Lee and coworkers prepared a high-density nanoparticle thin
film (Fig. 241) by self-assembling through the Langmuir-

This journal is © The Royal Society of Chemistry 2025

Blodgett (LB) technique on a water surface, serving as an
excellent substrate for SERS.>"

4.4.3 Development of SERS-active nanostructures by top-
down fabrications. In addition to the previously mentioned
methods, top-down approaches are employed to directly fabri-
cate nanostructures on solid supports, avoiding contamination
from the synthesis process. In 1981, Liao and colleagues from
Bell Labs, along with Economou from MIT reported the pre-
paration of SiO, array posts using UV lithography at 325 nm,"®*
followed by Ag ellipsoidal arrays using vapor deposition. A
Raman EF of up to 10’ was observed on these structures
(Fig. 26a)."®* Although photolithography methods can be used
to fabricate large-area periodic structures, the high initial
equipment costs limited early adoption in laboratories. Holo-
graphic (interference) lithography offers a more affordable
approach for generating sub-wavelength features suitable for
SERS using visible lasers,>”” though it is more complex than
simple photolithography.

In 1995, Van Duyne and coworker developed nanosphere
lithography (NSL), a cost-effective, easy-to-implement, inherently
parallel, high-throughput, and versatile nanofabrication technique
capable of producing a wide variety of nanoparticle structures and
well-ordered 2D nanoparticle arrays (Fig. 26b).””® Importantly, NSL
allowed for systematic tuning of the localized surface plasmon
resonance, enabling detailed studies on the relationship between
nanoparticle optical properties and SERS EFs.'*°

Nanolithography techniques, such as electron beam litho-
graphy (EBL) and focused ion-beam (FIB) milling, provide
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precise control over the size, morphology, and interparticle
distance of nanostructures,”’®*%* though achieving feature
spacings below 10 nm remains challenging. Substrates pro-
duced by these methods are typically highly uniform and
reproducible but offer moderate SERS enhancement. Li and
colleagues employed imprint lithography to fabricate nanofin-
ger arrays, allowing for the inexpensive duplication of identical
structures over a large area (Fig. 26¢)."”> Kahl and colleagues
fabricated an array of Ag nanoparticles using EBL technique
(Fig. 26d),>”® achieving a Raman EF one order of magnitude
higher than that of island films. Brolo and colleagues utilized
FIB technique to prepare periodic nanoholes in a Au film
(Fig. 26€),”®" enabling SERS detection through extraordinary
optical transmission.?®* Russell, Baumberg, Bartlett and cow-
orkers fabricated sculpted SERS-active substrates by assem-
bling a close packed monolayer of uniform polystyrene
colloidal particles (ranging from 350 to 800 nm in diameter)
on a Au-coated surface.”*' Subsequently, they electrodeposited
Au through this template to create films with controlled thick-
ness. Selecting suitable void diameters and film thicknesses
allows for customization of the optical characteristics of SERS
substrates, so as to achieve maximal enhancement (Fig. 26f).>**
Lipkowski and colleagues developed a Au nanowire array in
which only transverse plasmons were exited, allowing for the
measurement of temporal changes in the passive layer during
Au dissolution in Na,S,0; solutions unaffected by the length of
the nanowire.?%2%*

One major drawback of nanolithographic methods based on
FIB and EBL is that they are not suitable for mass fabrication.
However, they generate high quality nanostructures in silicon
that can be used for a nanofabrication method based on
template stripping.*® In template stripping, a plasmonic metal
(Au or Ag, for instance) is deposited in nanopatterned silicon
substrates (prepared by methods such as EBL), and then an
adhesive layer is applied to the deposited metal. Since the
metal-silicon interaction is weak, the metal film can be simply
separated from the silicon surface by pulling them apart. The
resulting nanopatterned metal surface is ultra-smooth and
mass fabrication with high reproducibility can be achieved
using this method.”®®

4.4.4 Development of methods for guiding target objects
into hotspots. In addition to creating hotspots in nanostruc-
tures, ensuring that molecules remain within these hotspots is
also crucial for achieving highly sensitive and stable SERS. One
approach is to increase the number of hotspots, enhancing the
probability of molecules entering them, such as by aggregating
nanoparticles into solid films. Alternatively, controlling the
interaction between molecules and nanostructures can facil-
itate the adsorption of molecules onto the hotspots, for exam-
ple, by employing capillary force to actively trap molecules into
small gaps.

A common technique for generating high-density hotspots
involves the formation of solid films from colloidal nanostruc-
tures. In 2001, Nie group pioneered the creation of nanostruc-
tured thin films by depositing monodisperse Ag nanoparticles
onto polycarbonate membranes.>®” In 2005, Halas group
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fabricated highly ordered Au nanoparticle arrays with sub-10
nm spacing between adjacent nanoparticles, this is the begin-
ning of the assembly of ordered nanostructures which exhibits
high, stable, and reproducible SERS activity.>*® Fabrizio group
demonstrated the super-hydrophobic surface to realize a
concentration factor of at least 10" in comparison with conven-
tional flat plasmonic substrate and break the diffusion limit
with super-hydrophobic delivery of molecules to plasmonic
SERS structures.*®® Notably, particle anisotropy and substrate
coverage significantly impact the SERS enhancement of
assembled solid films. Large-scale simulations by Garcia de
Abajo, Obelleiro and coworkers**® showed that, for monolayer
films composed of nanorods or nanospheres, the average SERS
EF increases significantly with higher particle coverage due to
stronger interparticle coupling (Fig. 27a and b). In contrast, for
nanostars, the EF remains nearly constant.

These dry solid films can generate high-density hotspots,
but they are often easily prone to damage from prolonged laser
illumination, leading to challenges in spectral reproducibility
and stability. To improve stability, Yang, Liu and coworkers
proposed a dynamic SERS (D-SERS) method in 2014.>°' This
technique relies on the transition of nanoparticles from a wet to
a dry state, with measurements taken during the colloidal
phase, including the solvent and evaporation processes. They
discovered that during evaporation, a 3D hotspot matrix is
formed with minimal particle size polydispersity and maximum
uniformity in particle spacing-features distinct from the dry
state (Fig. 27c). In addition to assembling films on solid
substrates, methods have been developed to control the assem-
bly of nanoparticles at liquid interfaces, which provides a self-
healing and reproducible approach for the detection of multi-
analytes in the aqueous. In 2012, Edel, Kornyshev and
coworkers>>® successfully demonstrated the formation of
densely packed nanoparticle arrays through a process of self-
assembly at liquid-liquid or liquid-air interfaces. They
were able to modulate the density of the nanoparticle
arrays by altering the functional groups present on the nano-
particles, the pH level of the surrounding solution, and
the concentration of salts within the medium. Subsequently,
Kang and coworkers®”> demonstrated a versatile liquid-
liquid interface capable of functioning as a substrate for the
orientation of colloidal Au nanorods (GNRs), as shown in
Fig. 27d and e.

An alternative approach to enhancing SERS detection is to
guide molecules into hotspots. Conventional methods often fail
to position analytes in these regions due to contamination by
impurities or ligands during the preparation process. Addition-
ally, spatial constraints can prevent molecules from entering
the tiny gaps between nanoparticles. Fang, Ren and coworkers
introduced the buoyant plasmonic-particulate-based few-to-
single particle-nano-sensors method, leveraging force analysis
at three-phase interfaces and the Young-Laplace equation.***
This approach not only mitigates the coffee-ring effect but also
enhances analyte enrichment in plasmonic sensitive sites.
Inspired by transpiration in plants, where capillary action and
osmotic pressure facilitate water transport, Yang and coworkers

This journal is © The Royal Society of Chemistry 2025
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Fig. 27 (a) Simulation model of molecular coverages on a randomly arranged monolayer of Au nanospheres (GNPs) deposited on glass. (b) Density
dependence of SERS performance in planar monolayers of nanoparticles with varying morphologies. Particle coverage is defined as the fraction of the
area occupied by the projection of the metal along the plane normal. Figures a and b are reproduced from ref. 290 with permission. Copyright 2016
American Chemical Society. (c) 3D hotspot matrix of Ag sols generated during the water evaporation process. The sketches representing (I) a droplet of
Ag sols on a hydrophobic surface, (Il) the adhesive-force-constructed closely packed particles in 3D space formed in the water-evaporation process, and
(1) the aggregation and deposition of particles on the dried substrate, which quenches the 3D hotspot matrix. Figure c is adapted from ref. 291 with
permission. Copyright 2014 American Chemical Society. (d) Spontaneous and collective vertical alignment of GNRs (GNRs) at the oleic acid—water
interface. (e) Interfacial liquid-state label-free detection method consists of three steps including mixing GNRs and targets, molecules, adding oleic acid,
and conducting Raman measurements at the clearly visible interface. Figures d and e are reproduced from ref. 292 with permission. Copyright 2013

Springer Nature.

proposed the nanocapillary pumping model, which exploits
capillary action and solvent evaporation to promote rapid and
sensitive SERS detection.?*® This method ensures the ubiquity
of hotspots and the inevitability of molecular entry, resulting
in comprehensive hotspot activation. The nanocapillary
pumping effect demonstrates versatility in detecting various
analytes with high sensitivity and maintains stable signals for
1-2 minutes during dynamic detection processes.

The rapid advancement of nanotechnology has significantly
propelled the development of SERS. However, SERS has also
inherited some inherent limitations of nanotechnology, parti-
cularly the instability of nanostructures, leading to unstable
SERS spectra. To address these challenges, a Faraday Discus-
sions meeting was convened in London in 2005, focusing on
several critical scientific issues: (1) what is the magnitude of the
chemical enhancement mechanism, if it indeed exists? (2) Are
SERS hotspots present, and if so, what are their origins and
compositions? (3) How should SERS EFs be defined and
quantitatively assessed? (4) Can nanotechnology facilitate the
fabrication of substrates? The detailed topics are listed in
Table 2.

In the concluding remarks of the conference, Natan posited
a SERS version of the “uncertainty principle”:>°° the greater the
enhancement, the less we can know about the atomic-level
details of the substructures involved. It’s primarily due to the

This journal is © The Royal Society of Chemistry 2025

mobility of atoms on noble metal surfaces and the mobility of
analyte molecules on such surfaces, which contributes to the
phenomenon of SERS “blinking’. This principle underscores
the complex relationship between enhancement and structural
stability in SERS.

4.4.5 Active control of the nanogap. Previous methods
used chemical synthesis and micro-fabrication to create nanos-
tructures, however, the nanogaps between the nanostructures
were normally fixed and unable to be adjusted. In 2006, Tian,
Tao and coworkers developed an approach that combines SERS
with a mechanically controllable break junction (MCBJ) tech-
nique to enable fine-tuning of the gap width.**” A metal
nanowire (such as Au) fixed onto a flexible substrate is
stretched and broken into two nanotip-electrodes which serve
as a model for a Au tip dimer when the substrate is bent. The
well-defined nanogap can be modulated with a resolution up to
sub-angstrom level, which enables the enhanced Raman signal
to be characterized inside the nanogap (Fig. 28a-c).

In 2013, Murakoshi, Kiguchi and colleagues used the MCB]J
technique to simultaneously measure the conductivity and the
SERS of a single 4,4'-bipyridine molecular junction in solution
at room temperature (Fig. 28d and e).”°® The significant
changes in SERS intensity and Raman vibrational band selec-
tivity are related to the current fluctuations during the fracture
and formation of single-molecule junctions. Through the mode
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Table 2 The timetable and program of the Faraday discussions on SERS in 2005
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Monday 19 September

Session 1 Physical Models
W. Ewen Smith, University of Strathclyde, UK

14:00

Introductory Lecture:
Richard P. Van Duyne, Northwestern University, USA

15:00

SERS Signals at the Anti Stokes Side of the Excitation Laser in Extremely High Local Optical
Fields of Silver and Gold Nanoclusters
Katrin Kneipp, Harvard Medical School, USA

15:30

On the Importance of Optical Forces in Surface-Enhanced Raman Scattering (SERS)
Mikael Kalll, Chalmers University of Technology, Sweden

16:30

Single Molecule Sensitivity in SERS: Importance of Junction of Adjacent Ag Nanoparticles
Masayuki Futamata, National Institute of Advanced Industrial Science and Technology, Japan

17:00

Vibrational Pumping and Heating under SERS Conditions: Fact or Myth?
Eric C. Le Ru*, Victoria University of Wellington, New Zealand

17:30

A Study of Local Heating of Molecules under Surface Enhanced Raman Scattering (SERS)
Conditions using the Anti-Stokes/Stokes Ratio
Robert C. Maher*, Imperial College London, UK

Tuesday 20 September

Session 2 Novel Chemistries / Chemistry of SERS
Richard Brown, National Physical Laboratory, UK

09: 30

In Situ Surface-Enhanced Raman Scattering Spectroelectrochemistry of Oxygen Species
Takashi Itoh, Tohoku University, Japan

Long Distance Electron Transfer in Cytochrome C Oxidase Immobilised on Electrodes. A
Surface Enhanced Resonance Raman Spectroscopic Study
Peter Hildebrandt, Technische Universitat Berlin, Germany

Surface-Enhanced Raman Scattering Investigations of 4-Nitro(Pyridine N-Oxide) and 4,4’-Azobis
(Pyridine N-Oxide) Adsorbed on Silver Colloidal Nanoparticles
Barbara Pergolese, University of Trieste, Italy

Probing Strong Optical Fields in Compact Aggregates of Silver Nanoparticles by SERRS of
Protoporphyrin IX
Blanka VIEkova, Charles University in Prague, Czech Republic

Practical Control of SERRS Enhancement
Dale Cunningham, University of Strathclyde, UK

Session 3 Surfaces / Substrates
Alan Creighton, University of Kent, UK

Surface-Enhanced Raman Scattering from Transition Metals with Special Surface Morphology
and Nanoparticle Shape
Zhong-Qun Tian, Xiamen University, China

A TEM and Electron Energy Loss Spectroscopy (EELS) Investigation of Active and Inactive
Silver Particles for Surface Enhanced Resonance Raman Spectroscopy (SERRS)
Imran Khan, Imperial College London, UK

Control of Near-Infrared Optical Response of Metal Nano-Structured Film on Glass Substrate for
Intense Raman Scattering
Kei Murakoshi, Hokkaido University, Japan

16: 00

Sculpted Substrates for SERS
Andrea E. Russell, University of Southampton, UK

16: 30

Electromagnetic Modelling of Raman Enhancement from Nanoscale Substrates: A Route to
Estimation of the Magnitude of the Chemical Enh t Mechanism in SERS
Richard J.C. Brown, National Physical Laboratory, UK

Nanoscale Imaging of Carbon Nanotubes using Tip Enhanced Raman Spectroscopy in
Reflection Mode
Debdulal Roy, University of Cambridge, UK

Wednesday 21 September

Session 4 Applications
Lesley Cohen, Imperial College London, UK

09:00

Re-examining the Origins of Spectral Blinking in Single-Molecule and Single-Nanoparticle SERS
Shuming Nie, Emory University, USA

09:30

A New Approach for DNA Detection by SERRS
Duncan Graham, University of Strathclyde, UK

10:00

SERS Platforms for High Density DNA Arrays
Mino Green, Imperial College London, UK

11:00

Surface-Enhanced Raman Scattering for the Rapid Discrimination of Bacteria
Royston Goodacre, University of Manchester, UK

11:30

Synthesis and Characterization of SERS Gene Probe for BRCA-1 (Breast Cancer)
Anjali Pal, Indian Institute of Technology, India

12:00

SERRS Labelled Beads for Multiplex Detection
Ailie F. McCabe, University of Strathclyde, UK

12:30

Concluding Remarks
Michael Natan, Nanoplex Technologies Inc., USA
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Fig. 28 Combined mechanically controllable break junction (MCBJ) and SERS. (a) Schematic of the setup. The gap distance between two Au electrodes
can be precisely controlled by the bottom piezoelectric transducer. With laser illumination, the gap also hosts as the hotspots for SERS measurement. (b)
SERS of 1,4-benzenedithiol in the nanogap with the process of bending the metallic electrodes pair. The gap width 8 A, 6 A, 4 A, respectively (from top to
bottom panel). (c) The distinct different SERS signals when the Au electrodes pair has its axis parallel and perpendicular to the incident polarization. (d)
Three types of SERS spectra of a single 4,4’-bipyridine molecule junction and possible geometrical structures. (e) The SERS signal fluctuation along with
the conductance changes resulting from the junction configuration changes. Figures are reproduced from ref. 297 and 298 with permission. Copyright

2006 & 2012 American Chemical Society.

switching between b; and b, in SERS, the authors observed the
movement of 4,4’-bipyridine between vertical and tilted config-
urations in the nanogap inside the Au electrode pair. This study
indicates that individual molecules at metal gaps generate
Raman spectra, which contain detailed information on mole-
cular electronic and geometric structure.**®

The MCBJ technique allows for precise and stable adjust-
ment of the separation between the electrodes on a chip by
using a piezoelectric transducer, ranging from a few angstroms
to several nanometers with a resolution of one angstrom.
Therefore, this method also makes it possible to monitor
chemical reactions at the single-molecule level inside the
nanogap. In 2018, Hong, Yang and colleagues investigated
the charge transport through a BDT molecular junction
with a combined MCBJ and SERS approach.?*® They observed
Raman characteristic peaks of S-S bonds in different
conductance states of the BDT molecule, revealing that the
BDT molecules had undergone dimerization. This finding
demonstrated that the low conductance state originated
from dimerized-BDT, thereby resolving a long-standing contro-
versy regarding the relationship between BDT molecular
junction configurations and their multiple conductance
states.”®’

In 2016, the first work on selective adsorption sites on the
single-molecule scale was carried out using this technique by
Kiguchi group.®®® The SERS signals distinguished three sub-
states of 1,4-benzenedithiol generated by different adsorption
sites, corresponding to the bridge, hollow, and atop sites,
respectively. This study reveals that the SERS intensity depends
on the strength of the molecule-metal interaction, showing the
interdependence between the optical and electronic properties

This journal is © The Royal Society of Chemistry 2025

of single-molecule junctions.>*® On this basis, they reported in
2019 that the modulation and monitoring of aminobenze-
nethiol and benzenedithiol single-molecule adsorption sites
was achieved by means of regulating the applied bias voltage,
which provides new perspectives for studying and controlling
single-molecule circuits.*!

4.4.6 Breakdown of selection rules in the extremely strong
hotspots. With the continuous advancement of nanotechnol-
ogy, significant progress has been made in the fabrication and
characterization of nanostructures. This has enabled the con-
struction of much smaller SERS/TERS hotspots, reaching even
the atomic scale. The small mode volume results in strong
electric fields with fine structures of both vacuum fluctuation
and light confined inside the hotspots. In such diminutive
hotspots, the interaction between molecules and confined
electromagnetic fields is substantially enhanced, rendering
the approximations in the standard spectroscopic analysis,
commonly based on weak coupling and homogeneous illumi-
nation, potentially invalid.***> Moreover, as the hotspots’
volume becomes comparable to that of the molecules, the
dipole excitation approximation is no longer adequate, possibly
leading to significant changes in molecular transition selection
rules. These effects contribute to the emergence of new SERS/
TERS phenomena and mechanisms within the hotspots. We
here introduce that the breakdowns of Kasha’s rule and long
wavelength approximation result in an ultrafast fluorescence
and the modifications of the excitation selection rule. These
phenomena open new research fields in SERS and TERS.

The radiative de-excitation rate of surface-enhanced fluores-
cence (SEF) has been assumed to be smaller than the vibra-
tional decay rate of the electronic excited state as shown in
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Fig. 29 Simplified Jablonski diagrams depicting the fluorescence processes in the three possible situations: (a) Standard fluorescence; (b) SEF in which
the vibrational decay rate is faster than the SEF rate; and (c) SEF in which the vibrational decay rate is slower than the SEF rate. Reprinted with permission

from ref. 303 Copyright 2007 American Chemical Society.

Fig. 29a and b. However, the radiative de-excitation rate for a
molecule inside the hotspots is largely enhanced by plasmon
resonance and can become greater than the vibrational decay
rate.>*® Thus, in this situation SEF light can be emitted from a
vibrational excited state as shown in Fig. 29c, resulting in
broadband light emitted in SEF which appears as a background
in SERS and TERS spectra. This type of SEF process means the
breakdown of Kasha’s rule, in which an excited molecule is
supposed to emit fluorescence from the vibrational ground
state.*®* This type of SEF is useful for investigating ultrafast
electronic dynamics in the electronic excited state of molecules
inside the hotspots.

In free space, the length of oscillation of the electromagnetic
fields in an optical cycle is much larger than that of a molecule
(and thus the extension of the electronic transitions). This
assumption is referred to as the long wavelength approxi-
mation, in which the excitation selection rule does not depend
on the spatial extension and structure of light. However, the
volume of the electromagnetic field mode can be compressed to
nanometer-size within hotspots. Within the hotspots, the gra-
dient of the electric field escalates to dimensions commensu-
rate with the electronic transition scale of a molecule. This
escalation precipitates the failure of the long-wavelength
approximation.®®> Hence, the excitation of multi-poles, such
as a quadrupole, becomes non-negligible as shown in
Fig. 30.>°° In such a situation, the excitation selection rule
needs to be modified. This modification was investigated
through the observation of forbidden transition modes, such
as the activation of certain IR modes in SERS and TERS spectra.
For example, Murakoshi and colleagues reported the observa-
tion of the dipole forbidden electronic transition through the
SERRS of a carbon nanotube located in a plasmonic nanogap.
They presented evidence suggesting the field-gradient effect
would affect SERS.**

1492 | Chem. Soc. Rev., 2025, 54, 1453-1551

In Section 4.5.3, we will address the achievement of sub-
nanometric resolution in TERS thanks to the use of atomic-
scale localization of electromagnetic fields. Such localization
also affects Raman selection rules, by activating forbidden
vibrational modes for homogeneous illumination. An example
of such activation of Raman lines by atomic-scale hot spots is
shown in Fig. 38d.

4.4.7 Development of Raman instrument for high sensitiv-
ity. In addition to the nanostructure optimizations and fabrica-
tions, the development of Raman instrumentation also plays
essential roles in improving sensitivity. The discovery of the
Raman effect nearly a century ago originated from a seemingly
simple yet rationally and systematically designed experimental
apparatus. The core of the SERS field is the continuous
enhancement of detection sensitivity, from the origins of the
SERS field 50 years ago to the latest advancements. We have
witnessed various examples of introducing and designing spe-
cial or completely new instruments to meet the needs of
innovative experiments and to verify new theoretical models.
This includes performance improvements and inventions in
the entire instrumental system, from optical excitation and
collection macroscopic devices to microscopic plasmon-
enhanced nanostructure designs, as well as instrument-driven
and data processing software. For example, in the linear
response regime, the surface enhancement Raman intensity
(Isers) can be expressed as:'®®

27 o’ 2
ISERS - ﬁ C_4[0(VO - V171n)4z ’(‘xpo)mn‘ NAQQTmTOGSERS
po

(4)
where ¢ denotes the speed of light; I, represents the intensity of

the incident light; the frequencies of the incident light and the
vibrational normal mode are indicated by v, and v,
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Figures are reproduced from ref. 305 and 306 with permission. Copyright 2013 Springer Nature.

respectively; (ot,,)mn refers to the po component of derivative of
the molecular polarizability associated with the normal mode;
N is the number density of the adsorbate on the surface
(molecule cm™?); A indicates the surface area that is illumi-
nated by the laser beam (cm?); Q is the solid angle of the
collection optics (sr); QT T, is the product of the detector
efficiency, the throughput of the dispersion system, and the
transmittance of the collection optics; and Gsggs is the SERS EF
discussed in Section 4.4.1.

The Gsgrs and (0,4)mn terms represent the contributions
from electromagnetic fields and from adsorbed molecules,
respectively, while QT,,T, represent instrumental contribu-
tions. Accordingly, SERS sensitivity can be improved from
different aspects including increasing the SERS activity of the
substrates (electromagnetic fields, the Ggggrs term), utilizing
molecules with large Raman cross-sections including
those with resonance Raman effects (the (¢,,)m, term), as well
as continuously improving the collection and detection effi-
ciency of instruments, etc. Therefore, integrating experiments,
theory, and instrumentation into a cohesive trinity is essential
and even decisive for making breakthroughs. A comprehensive
and systematic consideration of the entire SERS process is
necessary. This holistic approach extends beyond merely select-
ing appropriate nanostructures, molecules, and excitation
wavelengths. It necessitates the rational optimization of effi-
ciency at each stage of the instrumental system, encompassing
excitation, collection, grating dispersion and detector
detection.

This journal is © The Royal Society of Chemistry 2025

For example, in the STM-Raman setup as we explain in the
following section, optical fibers were arranged in a circular
shape to better collect scattered light and improve sensitivity.
In early confocal Raman systems as well as the first EC-TERS
systems, instrument improvements were crucial for achieving
high sensitivities.

4.4.8 Development of chemical enhancement mechanism.
In fact, the scientific significance of the SERS effect could be
broader than commonly perceived. It encompasses any mole-
cule/surface system where there is an enhancement of the
Raman scattering cross-section of adsorbed molecules com-
pared to the same molecules in the liquid or gas phase (referred
to as free molecules). The interaction between adsorbed mole-
cules and the material surface generally alters the spectroscopic
signals from molecules, either enhancing or diminishing them,
which is a common and studied phenomenon.?>'®® The rele-
vant surface selection rules are within the realm of surface
science, particularly surface spectroscopy.

It is important to clarify that physical enhancement based
on surface plasmons can increase the Raman scattering cross-
section by a factor of 10° to 10® (the Ggggs) term in eqn (4)
playing a dominant role.*>**”?% In contrast, chemical
enhancement typically results in an increase of 1-3 orders of
magnitude (the (x,,)mn) term in eqn (4), even higher SERS EF
were predicted.** "' Physical enhancement is primarily
responsible for the enhancement of the SERS effect; without
the plasmonic enhancement mechanism, the establishment
and advancement of the SERS field would not have occurred.
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However, chemical enhancement should not be overlooked.
A comprehensive understanding and effective utilization of the
SERS effect necessitates consideration of both physical and
chemical enhancement mechanisms. Moreover, the study of
chemical enhancement mechanisms has practical applications.
From a surface chemistry perspective, comprehending the
interaction between molecules and surfaces via SERS requires
knowledge of chemical enhancement mechanisms. Crucially,
for applying SERS in diverse analytical fields, particularly in
quantitative or semi-quantitative analysis systems aimed at
commercialization, a clear grasp of chemical enhancement
mechanisms is indispensable. Hence, researchers continue to
make sustained efforts and contributions in exploring these
chemical mechanisms, including unified mechanisms that
incorporate both physical and chemical enhancement.***'*

The utilization of the chemical enhancement is intrinsically
linked to a profound understanding of the CE mechanism in
SERS. During this period, significant theoretical advancements
were also made on the basis of the first-principle ab initio
quantum chemical calculations. It is summarized that the CE
mechanism mainly involves three scenarios contributing to the
total polarizability part of > ‘(apa)mn|2 in eqn (4):"°%31%31° (1)

po

enhancement arising from chemical bonding interactions in
the ground state between the molecule and the nanoparticle,
which occur independently of any excitations within the
nanoparticle-molecule system. (2) Resonance Raman enhance-
ment, where the excitation wavelength aligns with an internal
transition of the molecule. (3) CT resonance Raman enhance-
ment, characterized by the excitation wavelength being reso-
nant with charge-transfer transitions between the metal and
the molecule.

The non-resonant chemical mechanism is challenging to
detect experimentally due to its contribution to the overall SERS
EF being strongly dependent on physical or chemical adsorp-
tion of probe molecules, despite ongoing experimental endea-
vors to quantify it. Theoretical investigations are expected to
play a crucial role in clarifying this mechanism, as it is likely
shaped by the local molecular environment.*'® This environ-
ment can be effectively modeled using small metal clusters,
which allow for the representation of the localization of
chemical bonds as determined through density functional
theory calculations. Consequently, numerous electronic struc-
ture investigations have been conducted on the impact of small
metal clusters on the Raman characteristics of small
molecules.’">"” Experimentally, a significant chemical EF
was observed in the specific wagging vibrational mode of
benzyl radical and aniline adsorbed on Ag electrodes and Ag
colloids.*"***®

The resonance Raman effect is observed when the wave-
length of the incident laser light corresponds to the electronic
absorption energy of the sample being analyzed, significantly
boosting the likelihood of Raman scattering by several orders of
magnitude. When a molecule is adsorbed onto the surface of a
plasmonic-active nanostructure, SERRS can be utilized for
detection."**?'932% The added signal amplification stemming
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from this molecular electronic resonance renders SERRS an
exceptionally sensitive vibrational spectroscopic method.
Although SERRS can achieve higher sensitivity, resonance
Raman imposes limitations on the universality of molecules
as well as laser excitation wavelengths and may introduce
significant fluorescence background.

4.4.9 Development of charge transfer mechanism. The CT
mechanism can be considered to be the direct CT process and
the indirect CT process for adsorbed molecules on roughed
metal surfaces.”*’ The Raman intensities of active vibrational
modes were theoretically based on the surface resonance-like
Raman theory, which describes the Franck-Condon term
related to two electronic states and the Herzberg-Teller vibro-
nic term related to three electronic states. First-principles
ab initio/density functional theory (DFT) calculations can
directly be used to predict the electronic and vibrational proper-
ties close to some real systems.

It should be noticed that two distinct types of electric fields,
the optical electromagnetic field and the electrochemical elec-
trostatic field, co-exist in electrochemical interfaces systems
with various nanostructures (Fig. 31)."°® Both chemical and
physical enhancements can be influenced to some extent by
applying an electrode potential, making EC-SERS one of the
most complex systems in SERS. Significant efforts have been
made to thoroughly understand SERS and analyze EC-SERS
spectra based on chemical and physical enhancement mechan-
isms, providing valuable insights into the mechanisms of
electrochemical adsorption and reactions.

The intensity of SERS observed in various EC-SERS systems
is notably influenced by both the applied potential and the
nature of the metal substrate. This observation provides com-
pelling evidence for a synergistic relationship between CT and
EM enhancement. As depicted in Fig. 31a, HOMO and LUMO
refer to the highest occupied molecular orbital and the lowest
unoccupied molecular orbital of the adsorbed species,
respectively.'®® Additionally, ¥,(V;) represents the molecular
adsorption ground state, while ¥¢r(V;) denotes the photon-
induced CT excited state, which is generated by the transition
from a filled metallic level to the LUMO of the adsorbed
molecule at an applied potential, V;. The right part of Fig. 31a
presents a conceptual picture relevant to not only the energy
level but also the vibronic energy states along the vibrational
coordinates."®® It displays much more clearly the change of the
surface electronic ground state and corresponding vibrational
levels of the adsorbate with electrode potential. Please note that
each energy level represents the total energy of the combined
system of the adsorbed molecule and interacting metal elec-
trode (molecule/metal) in the excited or ground electronic state
that can be influenced by applied potentials.

It is assumed that the energy position of the photon-driven
CT state remains constant regardless of the applied potential.
The observed SERS signal initially increases and then decreases
as the electrode potential is adjusted to more negative values.
This variation in SERS intensity can be attributed to the
photon-driven CT from the metal to the molecule, as explained
by the energy levels or states associated with interfacial energy

This journal is © The Royal Society of Chemistry 2025
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Fig. 31 (a) Schematic diagrams of the photon-driven CT from a metal electrode to an adsorbed molecule in the EC-SERS system. Left: The conceptual
model of the energy levels changed with the electrode potential in the CT process. Right: The relevant energy states involved in the electronic levels and
the vibrational levels in the CT process. Right bottom: The corresponding SERS intensity-potential profile and V; denotes the applied potential.
Reproduced from ref. 166 with permission. Copyright 2008 Royal Society of Chemistry. (b) Displaced harmonic potential energy curves of both
electronic ground state and CT state. (c) The relative Raman intensities of the ring breathing mode and triangle deformation mode of pyridine binding to
Ag dimer (Agy). Figure c is reproduced from ref. 322 with permission. Copyright 2004 Elsevier. (d) The potential-intensity profile of the ring breath mode
for pyridine adsorbed on Ag electrodes reproduced from DFT calculations and Raman scattering theory. Reproduced from ref. 323 with permission.
Copyright 2005 AIP publishing. (e) Pyridine—Ag,o complex model. (f) Simulated Raman spectrum and (g) CT resonant-like Raman spectrum from

pyridine—Ag,o complex. Figures (e)—-(g) are reproduced from ref. 324 with permission. Copyright 2006 American Chemical Society.

level alignment. As illustrated on the left side of the figure
(energy level concept), at the applied potential V;, the condi-
tions are inadequate to generate photon-driven CT states on the
surface with an excitation energy of hv. Consequently, the
observed changes in relative SERS intensity are primarily
governed by bonding effects. When the potential is adjusted
to V,, the increase in the Fermi level of the metal electrode
aligns the excitation photon energy with the required energy for
photon-driven CT, resulting in resonance-like Raman scatter-
ing and a pronounced enhancement in the SERS intensity of
the associated vibrational modes. However, if the potential is
further shifted to V; in the negative direction, the excitation
energy no longer falls within the optimal resonance conditions,
leading to a reduction in the contribution of the CT states to the
overall SERS signal.

These early studies were based mainly on phenomenological
theoretical models to consider the mechanism of CT enhance-
ment. In the early 2000s, the theoretical models were
investigated on the basis of DFT calculations combining with
the molecule-metallic cluster model or the first-principles
periodic slab model.**> By combining the DFT calculations
and Raman scattering theory, the CT enhancement mechanism
was found to be closely associated with the displacement of the
minima of the excited state with respect to the ground states
along a given normal coordinate with the totally symmetric
representation (Fig. 31b).>'® When the effect of applied poten-
tials was considered to be equivalent to tuning the Fermi level
of metal electrodes, the resonance-like CT enhancement
mechanism was realized to match the energy levels from
excitation laser wavelength through applied potentials at elec-
trochemical interfaces (Fig. 31c).>*> In this case, the ring
breathing mode of pyridine interacting with a silver cluster
displayed a stronger Raman signal than that of the triangle

This journal is © The Royal Society of Chemistry 2025

deformation mode when the photon-driven CT mechanism
occurs.

For pyridine adsorbed on Ag electrodes, the CT mechanism
combining with the chemical adsorption interaction describes
the potential-dependent Raman intensity profile of the ring
breathing mode (Fig. 31d) well even using a small metallic
cluster.?**323 such a simple model is reasonable to describe the
interfacial chemisorption bond from the basic bonding princi-
ples, i.e., energy similarity, symmetry matching, and maximum
overlap of the interacting orbitals. Furthermore, the potential
energy surfaces of the photon-driven CT excited state should be
predicted well based on the TD-DFT approach for pyridine
adsorbed on silver surfaces.

The resonant-like Raman effect needs to accurately consider
the interfacial energy state alignment. Schatz and coworkers
made significant contribution to understand the chemical
enhancement mechanism.?*¢*?” Their TD-DFT approach can
predict the significant enhancement of several CT excited states
contributing to the SERS intensities of pyridine-Ag,, to
mimicking the pyridine adsorbed on Ag colloids. The use of
large metallic clusters can improve the utility of the calcula-
tions in describing the characters of interfacial chemical bonds
at different surface sites. Jensen and colleagues found that the
simulated SERS spectra still strongly depend on the specific
chemisorption bond for pyridine adsorbed on surface active
sites (Fig. 31e and f).>** The interfacial energy level alignment
also directly influences the relative Raman intensities of pyr-
idine-Ag,, (Fig. 31g).***

The idea further was extended by Jensen and colleagues to
investigate the molecule-surface chemical coupling SERS effect
from electronic structures of meta- and para-substituted pyr-
idines interacting with a Ag,, cluster.*'® They found that the
magnitude of chemical enhancement is governed to a large
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Fig. 32 Electrochemical SERS enhancement mechanism of pyridine on silver electrodes. (a) Molecular model for SERS of pyridine that is adsorbed on Ag
electrodes in surface S-complexes. (b) The charges on the adsorption site are included explicitly in the metal cluster when considered, while an external
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permission. Copyright 2022 American Chemical Society.

extent by the energy difference between the highest occupied
energy level (HOMO) of the metal and the lowest unoccupied
energy level (LUMO) of the molecule. The trend was verified by
considering substituted benzenethiols, small molecules, and
silver clusters of varying sizes. The findings provide the frame-
work for designing new molecules which exhibit high chemical
enhancements.

The experimental and theoretical research by Aranda, Otero,
Santoro and colleagues®**?*° have led to the development of a
computational model for electrochemical surface-enhanced
Raman scattering (EC-SERS). In this model, the surface excess
charge induced by the electrode potential (V,;) was introduced
by applying an external electric field to a series of clusters
[Ag,lg, specifically with (n = 20, g) values of (19, 1) or (n = 20,
0), onto which a pyridine molecule is adsorbed (Fig. 32a). They
estimated the EFs involved in SERS mechanisms, including
chemical or non-resonant, and resonance Raman with bright
states of the adsorbate, charge-transfer (CT) states, and
plasmon-like excitations on the metal cluster (Fig. 32b).
Employing DFT and TD-DFT calculations, the metal-molecule
complexes were categorized based on the partial charge of the
adsorbate. The primary properties influenced by V. were ana-
lyzed concurrently, facilitated by vibronic resonance Raman
calculations that identified shifts in vibrational wavenumbers
and relative intensities.

By inspecting detailed experimental EC-SERS data (Fig. 32c),
they tested the mentioned above model for pyridine adsorbed
on Ag electrode. They noted that the electrode potential V,; has
a remarkable effect on the simulated Raman spectra. The

1496 | Chem. Soc. Rev, 2025, 54, 1453-1551

findings successfully replicated the majority of experimental
observations, while also offering a critical evaluation of the
approach’s limitations (Fig. 32d). The explicit consideration of
surface charges is essential for EC-SERS modeling, and the
highest calculated EFs, ranging from 107 to 10°, were attributed
to the coupling between bright local excitations of the metal
cluster and CT states. These results indicated that the impor-
tance of nonadiabatic effects in SERS and the capabilities of EC-
SERS as the theoretical approach to study the coupling between
the CT excited-state and plasmon-like states by tuning applied
potentials.

To investigate the CT mechanism has opened the question
of whether the possibility to induce chemical transformations
by plasmonic hot carriers (hot electrons and hot holes). This
can be rationalized as the reactive analogue of the well-
established concept of optical hot spots to the chemical hot
spots, which have drawn a great deal of attention to plasmonic
nanostructures for their ability to tune the photochemical
reaction efficiency and selectivity.****** Thus it should be
careful sometimes the observed SERS signals were
products of photochemical reactions rather than the initially
added probe molecules, such as p-aminothiophenol,*****¢
adenine,**” and 8-bromoadenine.**®

The photon-driven CT process was discovered that it can
lead to profound changes in Raman spectra, in addition to
changes of vibrational wavenumbers and relative intensities. In
the initial stage of SERS study, these changes were often
considered as negative examples of the photodecomposition
or thermal decomposition caused by the focused lasers.

This journal is © The Royal Society of Chemistry 2025
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Recently, it was found that these changes in spectra resulted
from the selective chemical reactions mediated by the photon-
driven CT process, namely plasmon-mediated chemical reac-
tions (PMCRs).>***%* In such process, reactions happen on the
charged state to form targeted chemicals under mild condi-
tions, but during which usually a longer lifetime of the charged
state is needed. More detailed discussions are shown in rele-
vant reviews,*?>310311

Now the chemical reactivity of plasmonic systems is deeply
influenced by the dynamics of photons, plasmon-polaritons,
carriers, phonons, and molecular states. These degrees of free-
dom can affect the reaction rates, the product selectivity, or the
spatial localization of a chemical reaction in nanostructures.**°
It is important to tailor the generation of non-thermal carriers
and phonons in metallic nanostructures and their dissipation
relaxation is shown as a promise to understand and exploit
thermal photocatalysis at the nanoscale. This is useful to
control these processes for the rational design of solar nano-
metric photocatalysts.

4.4.10 Development of hybridization theory for under-
standing plasmonic resonances. The plasmon hybridization
theory, developed by Nordlander, Halas, and their colleagues in
2003,”%® is based on a compelling analogy between the plasmon
resonances of metallic nanoparticles and the wave functions of
simple atoms and molecules. This theory provides a framework
for understanding the relationship between the geometry of
metallic nanostructures and their optical properties. It was
originally developed to understand the tunability of nanoshell
plasmon resonances and has been extended to a multitude of
various structures and geometries including nano-particles,
multiple-nanoparticle assemblies and nanoparticles on
films.198’342

For nanoshells, the theory provided an intuitive understand-
ing of both the tunability and their large field enhancements.
In Fig. 33a-c, it showed that the hybridized plasmon modes
arise due to a coupling between the plasmon modes on the
inner and outer surfaces of the shell.’®® For a thin shell, the
interaction between the plasmons is very large, leading to a
strong tunable redshifted ‘“bonding” plasmon. The wave func-
tion of this plasmon has the charge density associated with the
cavity and the inner and outer surfaces aligned, resulting in a
larger charge density than for a solid sphere, corresponding to
large field enhancements. More efficient SERS substrates can
be constructed using nanoshells as building blocks for compo-
site structures. The prime example is the nanoshell dimer,***
providing larger field enhancements and SERS sensitivities in
orders of magnitude. The large field enhancements explicitly
showed in Fig. 33d and e. The nanoshell dimer exhibits large
field enhancements in the junction, and also illustrates that the
field enhancements can be made even larger by texturing the
surface of the nanoshells, resulting in a much larger hot spot
volume.

Based on the hybridization theory, it’s possible to design
nanostructures with continuously tunable plasmon resonance
from the visible to the mid-infrared. Another highly useful
example is the hexagonally close-packed (HCP) nanoshell

This journal is © The Royal Society of Chemistry 2025
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array.>** As illustrated in Fig. 33f and g, which shows the
optical properties of this structure, the difference in hybridiza-
tion between the dipolar and the quadrupolar nanoshell reso-
nances is shown. Here the quadrupolar plasmon modes in the
visible/near IR interact only weakly, resulting in a nondisper-
sive plasmon mode similar to the d band in a solid. In contrast,
the dipolar plasmons interact very strongly, resulting in a
broad, strongly redshifted mode in the mid infrared. Both of
those modes provide large field enhancements: the quadrupo-
lar modes, at 700 nm, and the dipolar modes, at 3.0 microns.
What is remarkable about these field enhancements is that they
appear at the same spatial region of the arrays, enabling the
possibility of doing both surface-enhanced Raman and IR
absorption spectroscopy (SEIRA) on the same molecules on
the substrate. Combined SERS and SEIRA provides a much
more comprehensive chemical fingerprint of an analyte mole-
cule for accurate chemical identification and this dual func-
tionality has been used extensively for chemical fingerprinting
applications.**®

4.5 Key methods for high spatial and temporal resolution

4.5.1 Combined STM and SERS instrument. During the
same period when high-sensitivity single-molecule SERS was
being achieved, another challenge was how to achieve high
spatial resolution. This led to attempts to integrate vibrational
spectroscopy techniques with scanning probe microscopy
(SPM). In 1994, Tian group developed a combined STM-
Raman setup by introducing optical fibers into an STM setup,
demonstrating the first simultaneous STM and SERS measure-
ments at electrochemical interfaces (Fig. 34).>*°**® Their goal
was to use STM to characterize the SERS-active surface at the
nanoscale before and after electrochemical deposition of Ag
islands on a smooth highly oriented pyrolytic graphite (HOPG)
surface, then correlate it with the observed SERS intensity.
However, at that time, the critical role of the gap-mode cou-
pling between the tip and the substrate was not recognized.
Consequently, the tip and electrode surfaces were not opti-
mized, resulting in limited spatial resolution and sensitivity of
the STM-SERS measurement.

4.5.2 Invention of TERS. Six years later, Zenobi, Deckert
and coworkers of ETH Zurich, Anderson of the California
Institute of Technology, Kawata and coworkers of Osaka Uni-
versity, and Pettinger et al. of the Fritz Haber Institute almost
simultaneously reported the invention of TERS based on AFM/
STM techniques in 2000.'°° By utilizing the localized
enhancement effect at the very tip apex, a spatial resolution
of 50 nm was conservatively claimed based on step size and tip
radius (Fig. 35). The popular name of tip-enhanced Raman
spectroscopy, i.e. TERS, was coined by Zenobi, Deckert and
coworkers.'® Anderson named it as “locally enhanced Raman
spectroscopy”.”” In Kawata’s paper it was “Metallized tip
amplification”*® and in Pettinger’s paper there wasn’t really
any name.'® A good name turned out to be quite important in
solidifying scientific discovery and communicating it to a wider
scientific community.
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(a) Energy level diagrams depicting plasmon hybridization in metal nanoshells resulting from interacting sphere and cavity plasmons with the

two hybridized plasmon modes being an anti-symmetric or “antibonding” plasmon resonance (w,) and a symmetric or “bonding” plasmon resonance
(w_). (b) Illustrating the dependence of nanoshell plasmon energies on the strength of the interaction between the sphere and cavity plasmons,
determined by the thickness of the metallic shell. (c) Experimental (blue) and theoretical (red) extinction spectra for concentric nanoshells (3) compared
to the inner (1) and outer (2) nanoshell plasmon resonances. (d) Electromagnetic near field enhancement at the excitation laser’s wavelength (633 nm) for
an adjacent nanosphere pair with interparticle axis parallel to the incident polarization, and (e) a nanoshell dimer with interparticle axis parallel to the
incident polarization. (f) FDTD simulation results of the local electric field enhancement for a hexagonally close-packed (HCP) Au nanoshell array, at
wavelength of 700 nm and (g) 3000 nm, respectively. Figures are reproduced from ref. 198, 258, 343 and 344 with permissions. Copyright 2003 AAAS.
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Later on, by optimizing the tip structure, excitation and
collection conditions, and controlling the tip-substrate cou-
pling distance, researchers could confirm the extremely high
spatial resolution of TERS,***~**! reaching a level of approxi-
mately 10 nm. At that time, whether the spatial resolution limit
of TERS could break the 1 nm barrier to achieve single-
molecule resolution was an intriguing but unresolved question.
Theoretical predictions suggested that due to quantum tunnel-
ing and non-local effects of electrons,****** the confinement of
light cannot be reduced to 1 nm at least not in the preferred
gap-mode configuration. Additionally, the mobility of mole-
cules on the surface and the thermal drift of the instrument
also hindered further improvements in TERS spatial resolution.

4.5.3 TERS with sub-nanometer resolution. However, in
2013, Dong, Hou and coworkers reported landmark work in
which they achieved TERS imaging of a single porphyrin

1498 | Chem. Soc. Rev., 2025, 54, 1453-1551

derivative on a Ag(111) surface under low-temperature, ultra-
high vacuum (LT-UHV) conditions, with a surprising spatial
resolution of 0.5 nm, as shown in Fig. 36.*>* By using STM
induced luminescence techniques, they could monitor and
tune the nanocavity plasmon mode in situ so as to generate
an efficient double-resonance enhancement scheme for both
Raman excitation and emission, particularly the downward
transition for the emission of Raman photons. While they
believe the highly confined and broadband nature of the
nanocavity plasmon field is crucial for ultrahigh-resolution
Raman imaging, they viewed their spectral-matching TERS as
an analogue to the femtosecond stimulated Raman process in
terms of the similarity in spectral profiles and the nonlinear
effect observed in experiments, and speculated this might be
the reasons for both enhanced signals and improved spatial
resolution. Later, Luo and coworkers successfully established a

This journal is © The Royal Society of Chemistry 2025
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quantum mechanical model, which quantitatively reproduces
all the experimental measurements and thus reveals the essen-
tial factor responsible for the super-high resolution as the
quantum interaction between the transition density and the
inhomogeneous plasmonic field.**

This experiment also triggered the reconsideration of plas-
monic optical processes at atomic scales. Subsequently, Aiz-
purua, Sanchez-Portal and coworkers reported detailed time-
dependent density functional theory calculations of the optical
response of metal nanoparticles with atomic-scale features, and
they showed that several atomistic protrusions could confine
the optical field to sub-nanometer or even atomic scales*>***”
as shown in Fig. 37a-c. This was spurred by their collaboration
with Baumberg and coworkers, who demonstrated experimen-
tally that a picocavity can be formed by a few adatoms in a
nanoparticle-on-mirror (NPoM) configuration,**® boosting new
Raman lines, as shown in Fig. 38.

Since then, the importance of atomic-scale structures on
nanostructure surfaces has gained increasing attention in the
SERS and plasmonic community. At the same time, a different
approach was proposed based on the assumption that even
without any external fields the energy levels and consequently
the vibrations must change with respect to the positioning of
the tip. Theoretical modelling of Raman spectra of a silver atom
scanning over an adenine molecule at different heights clearly
showed this chemical effect.**® Deckert and colleagues showed
in classical electromagnetic models that atomic scale protru-
sions on TERS tips exist and can act as the previously men-
tioned enhancing sites, which are further responsible for the

This journal is © The Royal Society of Chemistry 2025

chemically induced band shifts and leading to a higher
resolution.*!

This atomistic-scale lightning rod effect leads to highly
intense and localized hot spots, which differs from the general
understanding of localization of plasmonic fields. Although the
calculation model was simplified as a Nazgg dimer with a size of
2 nm, which is much smaller than commonly used nanostruc-
tures, those results solidly indicate that the presence of atomic-
scale structures at plasmonic interfaces,**® additionally enhan-
cing the underlying plasmonic field, appears as a new arena of
research in extreme filed localization and attracts tremendous
attention to investigations of plasmon-matter interactions at
the atomic scale. More recently, another transient phenomenon
observed in all SERS measurements was also understood by the
Aizpurua and Baumberg teams, from an entire patch of the
surface atomic monolayer lifting, which generates intense
broadband light modulated by plasmonic resonances, and
known as flares.>***%

Shortly after, Galland, Kippenberg and colleagues®** and
Aizpurua, Schmidt and colleagues®*® independently developed
an optomechanical model of SERS and provided a quantum
electrodynamics (QED) description of the coherent interaction
of plasmons and molecular vibrations (Fig. 37d). They showed
that the optomechanical interaction between the molecules
and extremely trapped optical fields can explain the high
spatial resolution in TERS as well as the nonlinear behavior
of the Raman signal with laser intensity. Other important
effects from these optomechanical interactions are also seen
such as SERS peak shifts.**> The dynamics of the formation and
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destruction of these adatoms under laser illumination leads to
fluctuations in SERS intensities that can be observed when
using high-speed acquisition rates.>***®” Based on these
achievements, recently the spatial resolution of TERS have been
successfully pushed to single-bond***2*%° and single-atom
limits.>”® We will discuss the details of these recent advances
in atomistic TERS in Section 5.1.

It’s noted that in the first SM-SERS experiments'* in 1997
and the first sub-nanometer TERS experiments in 2013, the
resonance Raman effect was employed to achieve the best
sensitivity. This is because the intensity of the Raman signal
is collectively determined by the structural EF, the intrinsic
cross-section of the molecule, and the optimization of the
instrumentation, as discussed in eqn (4). Therefore, for estab-
lishing new methods, or exploring/optimizing new nanostruc-
tures/systems, it is beneficial to test with resonance Raman
molecules for high detection sensitivity. When pursuing further
improvement on the landmark work, however, testing non-
resonance Raman molecules and expanding molecular

1500 | Chem. Soc. Rev., 2025, 54, 1453-1551

generality in more applications and systems are inevitable.
From a methodological point of view, resonance Raman and
non-resonance Raman are two different aspects in the same
development line approaching the high sensitivity of SERS.

In recognition of this relationship, attention should be paid
to the related consideration of EFs (see Section 4.7). There is no
need to emphasize how high the EF is when resonance Raman
molecules are used, as it is not the practical goal of the research
method. It cannot be compared with the EF of non-resonance
Raman systems, because the purpose of the two is different,
moreover in the end non-resonant molecules are more relevant
to general SERS applications.

4.5.4 Electrochemical TERS. Since the invention of
TERS'®™® in 2000, there is a growing interest in expanding
the application of this nano-resolved spectroscopy in liquid
conditions, especially electrochemical conditions to study some
important chemical and biological processes occurred at the
solid-liquid interface. Compared with ambient TERS or UHV-
TERS, electrochemical TERS (EC-TERS) provides a convenient

This journal is © The Royal Society of Chemistry 2025
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way to control the surface state and the interfacial process by
modulating the applied electrode potential. In addition, the EC-
TERS technique is able to reveal the molecular structure at the
electrochemical interface and obtain the correlated morpholo-
gical and chemical information at a nanoscale spatial resolu-
tion under the reaction condition, thus shedding light on the
establishment of an accurate structure-activity relationship.
However, EC-TERS requires an efficient integration of SPM,
electrochemistry and SERS technique, which is quite challen-
ging. The main challenge lies in how to maintain a high
excitation and collection efficiency with the existence of liquid
in the optical path that leads to severe optical distortion.

In 2015, Ren and coworkers developed an EC-TERS
approach based on STM by directing light horizontally into
an EC-TERS cell to minimize optical distortion (Fig. 39a).”"
They reported potential-dependent behaviors of an aromatic
molecule adsorbed on a well-defined Au(111) surface (Fig. 39b),
highlighting significant alterations in the molecular configu-
ration due to protonation and deprotonation phenomena.
Simultaneously, Van Duyne and coworkers developed the
AFM-based EC-TERS with a bottom-illumination configuration
and investigated the nanoscale redox behavior of Nile Blue (NB)
on a transparent ITO substrate.>”> The disappearance of the
591 cm™ " peak of NB upon reduction and its reversible reap-
pearance during oxidation was monitored and used to form the
TERS voltammetry (TERS-CV) (Fig. 39c and d). They observed a
shift in the redox potential between the TERS-CV and the
conventional CV, which was attributed to the perturbation of
the electric double layer by the TERS tip. Thereafter, EC-TERS
images over a Au plate on ITO electrode was performed.

This journal is © The Royal Society of Chemistry 2025

Following the fitting of EC-TERS spectra obtained at various
potentials for each position, the site-dependent formal poten-
tials corresponding to the Au and ITO electrodes were derived.
Notably, a more negative formal potential was observed at the
Au electrode, along with a heterogeneous distribution of formal
potentials across the ITO electrode.*”?

In recent years, the introduction of water-immersion objec-
tives by Ren and coworkers,*”**”> and Maisonhaute, Lucas and
coworkers®”® fully avoided the optical distortion, significantly
improving the sensitivity of EC-TERS. As a result, EC-TERS can
be used to study more electrochemical processes, such as
electrocatalysis. In 2019, Domke and colleagues investigated
the site-dependent variations over the Au(111) surface during
the oxygen evolution reaction by EC-TERS.?”” They observed the
formation of AuO, over the defect sites before the oxidation
of the terrace sites, indicating varying activities over the
Au(111) surface. In 2024, Ren, Tan, Wang and colleagues
utilized EC-TERS to study the active sites of MoS, during the
hydrogen evolution reaction (HER).>’® They observed that the
edge induced electron transition region and lattice reconstruc-
tion region kept changing during the HER process until the
highest activity was obtained, revealing the generation and
dynamic variation of active sites during electrocatalytical
reactions.

4.5.5 Depth-penetrated SERS. Another aspect of spatially
resolved SERS is the penetration depth. To break the limitation
of micrometer level penetration depth inherent in traditional
Raman spectroscopy, Matousek and colleagues introduced
spatially offset Raman spectroscopy (SORS)*’® and transmis-
sion Raman spectroscopy (TRS)**° to SERS.
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SORS capitalizes on the principle that Raman photons
emitted from deeper regions of a sample experience
increased lateral diffusion owing to multiple scattering events,
which differentiate them from those originating in superficial
layers. In practice, SORS collects Raman spectra at a spatial
offset relative to the laser incidence point. This method,
augmented by sophisticated multivariate data analysis and
processing techniques, enables the differentiation and decon-
volution of signals arising from various depths. The deconvo-
luted Raman spectra unveils layer-specific information, thereby
facilitating the analysis of subsurface layers within complex
samples.

Different from the backscattering collection mode com-
monly utilized in Raman measurements, TRS features a
configuration where the laser is incident on one side of the
sample, and the Raman scattered light is collected from the

1502 | Chem. Soc. Rev., 2025, 54, 1453-1551

opposing side, allowing TRS to probe deeper regions within the
sample, effectively extending the penetration depth beyond
conventional capabilities.

Stone and colleagues further combined SORS and TRS with
SERS and developed surface-enhanced spatially offset Raman
spectroscopy (SESORS)**' and surface-enhanced transmission
Raman spectroscopy (SETRS).*®” The two techniques have
significantly extended the penetration depth of SERS up to
the millimeter and even centimeter level. This breakthrough
has paved the way for in vivo diagnostic applications, allowing
for the non-invasive examination of biological tissues at greater
depths than ever before.

4.5.6 Nonlinear and ultrafast SERS and TERS. The
enhancement of non-linear Raman processes by SERS has been
discussed since the early days of SERS.****** Specifically the
spontaneous, two-photon excited process of hyper Raman

This journal is © The Royal Society of Chemistry 2025
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scattering (HRS) benefits from high electromagnetic enhance-
ment, as well as from chemical effects. With HRS relying on
different selection rules, SEHRS can provide new and addi-
tional structural information of molecules and materials. As
shown by Kneipp et al. in non-resonant experiments, both SERS
and SEHRS spectra can be acquired simultaneously, enabling
an estimate of the contribution of electromagnetic enhance-
ment to both processes.*®® In 2006, the group of Van Duyne
demonstrated the extremely high sensitivity of SEHRS towards
local adsorbate geometry and surface environment.’®® As
shown by Kneipp et al. in the same year, the extremely high
enhancement in SEHRS yield effective cross-sections for the
non-resonant process that are better than typical cross sections
of typical two-photon fluorescence.*®” They also reported the
first SEHRS spectra from intact cells that revealed complemen-
tary vibrational information on biomolecule nanostructure
interaction.®®” Meanwhile a large number of studies were

This journal is © The Royal Society of Chemistry 2025

conducted on different types of biomolecules, including pro-
teins, nucleic acids, and chromophores.**® In resonance with
molecular electronic transitions, SEHRS spectra can evidence
that electronic “dark” states that are not allowed in one-photon
absorption can be probed, as demonstrated by Camden, Jensen
and coworkers.*®’

Temporal resolution is also a crucial aspect of SER
Ultrafast Raman spectroscopy often employs modulation tech-
niques, such as Kerr gating, to provide background-free Raman
spectra with high signal-to-noise ratios and rapid acquisition
times. In 1999, Matousek et al. demonstrated the efficacy of
picosecond Kerr gating in rejecting fluorescence background
interference by obtaining time-resolved spectra of p-
quaterphenyl from solutions that were contaminated with a
fluorescent dye.>* Subsequently, researchers developed other
ultrafast SERS techniques, including time-resolved coherent
anti-Stokes Raman spectroscopy (tr-CARS)**™*%* and time-
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resolved stimulated Raman spectroscopy (tr-SRS).***%%* A sig-

nificant milestone was achieved in 2011 by Van Duyne group,
who pioneered the integration of SERS with femtosecond
stimulated Raman spectroscopy (FSRS).>** They presented the
first demonstration of surface-enhanced femtosecond stimu-
lated Raman spectroscopy (SE-FSRS), using an experimental
setup featuring picosecond pulses for the Raman pump,
femtosecond pulses for the broadband Raman probe, and Au
nanoantennae for signal enhancement (Fig. 40). This configu-
ration achieved an EF estimated to be between 10* and 10°.
They further found that the signal-to-noise ratio can be signifi-
cantly improved by choosing approximate repetition rates of
395 Latter work used picosecond time-resolved SERS
to probe processes like plasmon-driven electron transfer and
plasmonic heating of adsorbates.****°” These results open new
avenues for exploring the ultrafast dynamics of plasmonic

the fs-laser.

materials and small homogeneous molecular subsets.

The integration of ultrafast spectroscopy with TERS offers a
powerful approach for investigating the nanoscale molecular
dynamics with both spatial and temporal resolution. One of the

1504 | Chem. Soc. Rev., 2025, 54, 1453-1551

earliest and most advanced applications in this field is tip-
enhanced coherent anti-Stokes Raman spectroscopy (TECARS),
which was firstly demonstrated by Inouye and colleagues in
2004.%%® They successfully coupled 5 ps pulses with a plasmonic
tip and operated at an 800 kHz repetition rate. This technique
allowed them to acquire high-resolution TECAR images of
adenine molecules within DNA clusters, capitalizing on the
localized electric field enhancement beneath the metallic
nanoprobe (Fig. 41a-d).

In 2014, Van Duyne group reported the integration of
picosecond-pulsed irradiation from an optical parametric oscil-
lator (OPO) with a UHV-TERS system (Fig. 41e and f).>°° They
demonstrated that picosecond UHV-TERS of resonant adsor-
bates can be observed without permanent signal loss, which
typically affects picosecond TERS in ambient conditions. This
suggests that a UHV environment is a valuable asset for
temporally resolved TERS experiments. Recently, Garg group
demonstrated ultrafast LT-UHV TERS excited by ultrashort
laser pulses (500 fs),*°® laying the foundation for future experi-
ments involving time-resolved femtosecond TERS.

This journal is © The Royal Society of Chemistry 2025
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4.6 Key methods for expanding the generalities of SERS
substrate materials and morphologies

4.6.1 SERS on non-traditional transition metals. In parallel
to the demonstration of SM-SERS, Tian group demonstrated
that SERS can be directly generated on electrode surfaces made
from surface-roughed transition metals in 1996."*>*°' This was
achieved by the joint improvement of Raman instrumentation
as well as the nanostructure fabrication methods. First, the
confocal Raman microscope (Fig. 42a) was used for signal
collection,'®>*? which provides higher detection sensitivity.
Second, various methods for fabricating nanostructured sur-
faces (Fig. 42b and c) were developed.’®® For instance, the
electrodes were treated with an electrochemical ORC process
to achieve surface roughening (Fig. 42d and f).'®> They reported
the first results of enhanced Raman spectra of hydrogen
adsorption (Fig. 42e),"®" CO adsorption (Fig. 42g)** and pyr-
idine adsorption (Fig. 42h)'®® on the roughened surfaces of
various transition metal electrodes, including Pt, Fe, Ru, Rh,
Co, Ni, and Pd.*®®

While there was experimental progress in transition metal
SERS, how to understand the enhancement mechanism behind
it remained an important issue in the SERS field. SERS is
significantly influenced by the electromagnetic enhancement

This journal is © The Royal Society of Chemistry 2025

mechanism, which is predominantly attributed to the LSPR
exhibited by nanoparticles composed of coinage metals. When
exposed to visible light, the conduction electrons within these
nanoparticles can be induced to oscillate collectively, thereby
producing a robust electromagnetic field in proximity to the
nanoparticle’s surface. A high-quality SPR effect should meet
two conditions: first, the real part of the dielectric constant of
the nanoparticle must be negative; second, the imaginary part
of the dielectric constant should be as close to 0 as possible.***
In contrast to noble and alkali metals, transition metals exhibit
distinct electronic structures characterized by the positioning
of the Fermi level within the d band. This configuration results
in a high probability of interband excitations occurring within
the visible light spectrum. The interaction between conduction
electrons and interband electronic transitions significantly
diminishes the quality of the SPR in transition metals.”*® This
considerably reduces the SERS effect, as observed in many
experiments.

Based on the two-dimensional particle array model, Tian
group carefully studied the correlation between the SERS EF
and the morphology of the ellipsoidal particles, especially the
aspect ratio of the particles and the frequency of the excitation
light.**> The maximum electromagnetic EF for SERS on Ni is
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observed to range between two to four orders of magnitude,
with a marked increase corresponding to higher aspect ratios.
This phenomenon can be elucidated through the lightning rod
effect, which typically leads to significant electric field enhance-
ment in regions with pronounced curvature on the surface.
Furthermore, the data indicates a pronounced increase in the
SERS EF for Ag when the frequency of the incident light
approaches the frequency of surface plasmon resonance. In
contrast, the EF for the Ni electrode remains relatively across
the same orders of magnitude, provided the aspect ratio of the
particles is maintained. This observation suggests that the
SERS response of Ni does not exhibit the distinctive character-
istics associated with SPR, with the EF demonstrating only
minor fluctuations in response to variations in incident photon
energy. Experimental findings corroborate this, revealing that
the SERS enhancement for the Ni substrate remains nearly
unchanged when the excitation laser wavelength is adjusted

1506 | Chem. Soc. Rev,, 2025, 54, 1453-1551

from 632.8 nm (1.96 eV) to 514.5 nm (2.41 eV), assuming all
other experimental conditions are held constant. The critical
role of morphology was also emphasized by Moskovits and
coworkers in 2017, they showed that any metal can produce
intense SERS when properly structured.*?®

Everything that has been learned regarding single
molecule SERS since 1997 has led scientists to believe that
the SERS-active system is also strongly dependent on the
particle—particle, particle-substrate or tip—substrate near-field
coupling effect. Therefore, the quantitative evaluation of
SERS EFs in actual transition metal systems inevitably involves
non-spherically symmetric particles and complex near
field coupling between particles. Thus, it was important that
the research model for the EM enhancement mechanism of
SERS for transition metals changed its focus from highly
symmetric particles to particle aggregates of arbitrary size
and shape.

This journal is © The Royal Society of Chemistry 2025
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potential (by controlling the E;/E,) or current (by controlling the /1//5) oxidation—reduction method. The solution used is 0.5 M H,SO4 (c) a comparison of
the cyclic voltammograms of roughened (solid line) and smooth (dotted line) Pt electrodes in 0.5 M H,SO, solution. Scan rate: 50 mV s~2. (d) The STM
image of a Pt electrode after electrochemical ORC roughening treatment. (e) Potential dependent surface Raman spectra of (i) hydrogen adsorption in
0.5 M H,SO4 + H,O and (ii) deuterium adsorption in 0.5 M H,SO,4 + D,O at roughened Pt surfaces. (f) The AFM image of an Rh electrode after
electrochemical ORC roughening treatment. (g) Surface-enhanced Raman spectra of a roughened Rh surface in 0.1 M CHzOH + 0.1 M Na,SO4. 0.2 M
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Figures are adapted from ref. 165, 181 and 403 with permission. Copyright 1996 Elsevier. Copyright 2002 & 2003 American Chemical Society.

In order to conduct electrodynamic calculations of light
scattering from complex SERS-active systems, the application
of numerical methods is essential. Various techniques, such as
the finite difference time domain (FDTD), finite element
method (FEM), boundary element method (BEM), and discrete
dipole approximation (DDA), have been developed to analyze
the electromagnetic fields surrounding individual non-
spherical metallic nanoparticles as well as nanoparticle arrays
in the context of surface-enhanced spectroscopy. Among these
approaches, the FDTD method stands out as a comprehensive,
systematic, and versatile tool for evaluating the optical
response of nanostructures with arbitrary geometries and sym-
metries to incident light waves. It has been effectively employed
in SERS research involving transition metals. A typical simu-
lated SERS enhancement for transition metal systems with a
cauliflower-like morphology is shown in Fig. 43a and b.**” Two

This journal is © The Royal Society of Chemistry 2025

distinct models were employed to simulate the cauliflower-like
nanoparticles: one model consisted of a Rh sphere with a
diameter of 120 nm, which was coated with 20-nm semisphe-
rical particles, while the other model featured a flat Rh surface
adorned with 20-nm nanohemispheres, as illustrated in
Fig. 43a. The computed electric field distribution across the
surface is depicted using color visualization. The greatest
enhancement of the electric field is typically observed at the
apex of the smaller hemispheres within the ‘“cauliflower”
structure, which contrasts with the maximum field enhance-
ment typically found at the junctions of two nanoparticles.
However, when the cauliflower structure is separated and
arranged into a planar grating-like configuration, the location
of the field maximum shifts the crevices, as demonstrated in
Fig. 43b. These findings suggest that the electromagnetic
enhancement is highly sensitive not only to the polarization
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(a) FDTD simulated electric-field distribution for a cauliflower-like Rh nanoparticle and (b) a flat Rh surface decorated with small nanohemi-

spheres. The laser beam illuminates along the y-direction with x polarization. The scale bar is given at the bottom of (b). Figures are adapted from ref. 405
and 407 with permission. Copyright 2006 Springer Nature. Copyright 2006 Royal Society of Chemistry.

of the incident light, the electronic characteristics of the metal,
and the surface morphology, but also to the symmetrical
properties of the SERS nanostructures.

4.6.2 SERS on semiconductors. After the demonstration of
transition metal-based SERS, other non-traditional SERS mate-
rials including graphene,*°® metal-organic framework (MOF)
and related materials have also been demonstrated.'®>*°%*1
An interesting example is the dielectric and semiconductor
material-based SERS-active substrates, such as TiO,, ZnO, and
Si0,.>** These materials can function as either complementary
or alternative options to traditional metal-based SERS sub-
strates, providing considerable advantages in terms of repro-
ducibility, versatility, and recyclability.

Enhanced Raman scattering based on semiconductors
stretched back to 1980s. In 1982 Yamada et al. reported
enhanced Raman signal of pyridine adsorbed on the surface
of single-crystal NiO(110).*"" They also made similar observa-
tion for the surface of Ti and single-crystal TiO,(001)."*
Although the mechanism of enhancement was attributed to
the CT mechanism at that time, it was actually difficult to
distinguish between CT and resonance Raman effects in the
experiments.®® In 1988, Hayashi et al found the enhanced
Raman scattering derived from electromagnetic mechanism
for copper phthalocyanine molecules with strong resonance
Raman effect on GaP NPs.*'> The development of semiconductor
enhanced Raman scattering stagnated in the 1990s probably due
to very low EF. Semiconductor-enhanced Raman scattering was
looked at again after 2000. For example, Zhao, Lombardi and
colleagues reported semiconductor-enhanced Raman scattering
for metal oxides, metal tellurides, metal sulfides, and so on.*****
Based on these studies they proposed a clear CT model to explain
the enhanced Raman on semiconductor materials.

There are several kinds of semiconductor materials for
enhanced Raman scattering. Metal oxides such as TiO, and
ZnO are representative of these. Metal chalcogenides such as
CdS, CdSe, PbS, and ZnSe are also popular materials for
semiconductor-enhanced Raman scattering. Other semicon-
ductor materials for enhanced Raman scattering are doped

1508 | Chem. Soc. Rev.,, 2025, 54,1453-1551

semiconductors like doped TiO,, graphene, Si, and Si and Ge
nanowires. The representative enhanced Raman active semi-
conductor materials are summarized in ref. 34, 243, 416 and
417. The EF of semiconductor-enhanced Raman scattering is,
in general, 10°-10°.

The advantages of semiconductor enhanced Raman scatter-
ing are summarized as follows:**?>*3416:417

(1) Semiconductor materials have excellent high chemical
and thermal stability. Thus, they can avoid the problem of
signal reproducibility caused by substrate oxidation. Moreover,
they have broadened the applicable media of enhanced Raman
technique, such as strong oxidation medium, strong acid
medium, high-pressure medium and so on.

(2) Semiconductor materials have superb surface modifia-
bility. In contrast to metal materials, most of common func-
tional groups can be directly adsorbed on semiconductor
materials surfaces. In other words, the surface of semiconduc-
tor materials is modified more flexibly than that of metal
materials.

(3) Semiconductor materials have good biocompatibility.
They have several hydroxyl groups on their surface, allowing
them to combine with proteins through amino groups and
carboxyl groups. Such binding ability solves the problem of
biocompatibility of metal-based SERS technique.

(4) Semiconductor materials encompass a diverse range of
species that are characterized by their low cost and established
preparation methods. The energy levels and structural proper-
ties of these semiconductors can be finely tuned through
various techniques, including adjustments to size, shape,
material composition, and doping. This versatility facilitates
the selection of appropriate semiconductor substrates tailored
to meet specific detection requirements.

(5) Semiconductor materials have been used extensively as
active components in a variety of practical devices. The wide
applicability of semiconductor materials provides more possi-
bilities for the application of enhanced Raman scattering.

The SERS enhancement mechanisms for dielectrics, parti-
cularly semiconductors, also encompass both electromagnetic

This journal is © The Royal Society of Chemistry 2025
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and chemical enhancement.>® Unlike metals, which exhibit
LSPR due to high-density of free electrons, the dielectric
materials primarily achieve electromagnetic enhancement
through light-trapping and subwavelength-focusing capabil-
ities, as well as morphology-dependent resonances such as
Mie resonance. These enhancement effects are closely related
to the morphology of the dielectric material. For highly doped
semiconductors, plasmonic resonances can be induced in the
low-frequency range (generally in the near-infrared to mid-
infrared regime).

Additionally, CT process between semiconductors and mole-
cules constitutes an important chemical enhancement mecha-
nism in semiconductor SERS substrates. In fact, most of the
current CT mechanism models in semiconductor SERS origi-
nate from Lombardi’s pioneering work in 1979.'"° The CT
process is influenced by the vibronic coupling between the
conduction band (CB) and the valence band (VB), as well as
between the excited and ground states of the molecules
involved.*”> CT models applicable to semiconductor-
enhanced Raman scattering can be categorized into three
distinct types: ground-state CT, electronic resonant transitions,
and excited-state CT. The first two categories align with the CT
models established for metal-based surface-enhanced Raman
scattering (SERS), whereas the excited-state CT model for
semiconductor SERS exhibits greater complexity. For example,
a CT complex (similar as a new molecule) formed by the strong
chemical bonding between the molecule and semiconductor
generally possesses new energy levels, providing additional CT
pathways.*'® This is even more important when the excitation
light does not have enough energy to excite CT transitions
between two original energy levels in a semiconductor-mole-
cule system. Fig. 44 shows various mechanisms of a photo-
induced CT process (blue line) and coupling scheme (purple
line) in semiconductor-molecule systems.

From a methodological perspective, it is important to note
that highly efficient CT transitions typically occur in
semiconductor-molecule systems at the nanometer scale due
to the size-dependent behavior of electronic properties in
semiconductor nanomaterials. Therefore, theoretical modeling
should account for the size effect. Although various CT path-
ways have been proposed based on DFT calculations, experi-
mental investigations into semiconductor CT mechanisms
remain relatively limited.>** To elucidate the specific enhance-
ment mechanisms, more systematic and correlated experi-
ments, such as ultrafast dynamics studies, are essential.

Another challenge lies in the size mismatch issue. While CT
transitions typically occur in nanoscale semiconductors, effec-
tive regulation of the visible and near-infrared electromagnetic
fields requires semiconductor materials with feature sizes
ranging from sub-micrometers to micrometers. To address this
size mismatch issue, a rational approach is to design semicon-
ductor superstructures, which allows for the integration and
further optimization of the synergistic effect between electro-
magnetic and chemical enhancement.*">**° In such a super-
structure, the engineering of size and morphology can induce
light-trapping effects, subwavelength focusing capabilities, and

This journal is © The Royal Society of Chemistry 2025
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morphology-dependent resonances. These modifications con-
tribute to a substantial electromagnetic enhancement of SERS.
Additionally, a highly efficient CT contribution arising from the
structure of the superstructure further amplifies the SERS
signals.

Note that SPR in semiconducting materials could be con-
tributable to SERS on semiconductors.*”* In such -case,
plasmons may lower the material stability. The carrier density
of semiconductors can span several orders of magnitude based
on doping techniques, increasing opportunities for SERS-
based applications.*** In addition, noble metal SPR is found
to be capable of promoting CT in semiconductor-molecule
systems, and their synergistic contribution enables giant
Raman signal enhancement on metal-semiconductor
heterostructures.*>*44

Semiconductor-enhanced Raman scattering has opened a
variety of new research fields in photoelectrochemistry, cataly-
sis research, bioscience, and sensing technology. The high
chemical stability of semiconductor materials enhances the
sensing performance including spectral reproducibility increas-
ing the reliability of enhanced Raman scattering analytical
experiments. The superior biocompatibility has opened a vari-
ety of new applications in life sciences.

For example, Hildebrandt, Weidinger and colleagues
reported the redox process of heme proteins on nanostructured
TiO, electrodes.** It has also become possible to explore the
photoelectrical properties of adsorbents on the semiconductor
surfaces such as dye-sensitized solar cells, lithium-ion bat-
teries, and semiconductor-supported photocatalytic process. A
number of new applications have emerged; for example,
submicron-sized ZnO superstructures have demonstrated excel-
lent SERS performances with the synergistic effect of Mie
resonance-induced electric field with CT.**® Furthermore, ZIF-
8 coated ZnO superstructures could further concentrate the
electric field around particle surface, permitting signal
enhancement for the detection of non-adsorbing volatile
organic compounds.**® Besides, Ji, Ozaki, Xie and colleagues,
demonstrated the feasibility of large-area fabricating SERS-
active semiconductor substrates for the assessment of heavy
metal ion toxicity based on screen-printing of micron-sized
TiO, inks synthesized through a simple flame thermal-assisted
method.*”” The resultant TiO, microspherical arrays (MSAs)
exhibit extraordinary SERS sensitivity with an EF of 3.28 x 107,
which represents one of the highest sensitivity and are the
easiest strategy among the reported SERS-active semiconductor
substrates.

Note that caution must be exercised when quantifying EFs in
these systems, particularly when using widely employed fluor-
escent molecules, as resonance Raman effects and fluorescence
quenching may lead to a significant overestimation of the SERS
EF (see Section 4.7.1 for detailed discussions). For a compre-
hensive discussion on this topic, we recommend the reviews by
Lombardi and Alessandri,*** and Ozaki, Itoh, Proch4zka, Dong
and colleagues.**

4.6.3 Graphene-enhanced Raman scattering. In 2010,
Zhang, Liu and coauthors found that monolayer graphene
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can quench the fluorescence of R6G molecules, while simulta-
neously enhancing their Raman scattering by tens of times,
termed as graphene-enhanced Raman scattering (GERS).**®
Due to the lack of surface plasmon in the visible optical region
in graphene, GERS was attributed to a pure chemical
mechanism.*”® The EF is accordingly dependent on the
LUMO/HOMO positions and the steric configuration of mole-
cules as discussed in Section 2.6.6. Later on, the combination of
graphene and metal nanoparticles was developed for sensitive
detection of molecules. Zhang and coauthors further reported a
type of flat SERS substrate, that is, graphene-mediated SERS,
where a monolayer of graphene is on the surface of metal nano
islands supported by a transparent polymer film,**® which
makes graphene possible for practical SERS detection. This
concept is similar to SHINERS with the ultrathin core replaced
by monolayer graphene. The fact that graphene can enhance
the Raman signal expands SERS substrates to the family of two-
dimensional layered materials, which can be either metallic or
semiconducting.*****" The reported limits of detection of a few
two-dimensional materials and van Hove heterostructures can
be surprisingly down to 10~ ** M via resonance design.**> Never-
theless, Raman enhancement on two-dimensional materials
provides a platform to study material properties, and more
efforts are necessary to move to practical SERS detection.

The position of the Fermi level in graphene plays a crucial
role in determining the EF of GERS.*** Consequently, modulat-
ing the Fermi level in graphene provides a valuable strategy for
controlling the EF of GERS. In recent years, dynamic modula-
tion approaches have emerged as an effective means to address
the limitations posed by the fixed optical properties of

1510 | Chem. Soc. Rev,, 2025, 54, 1453-1551

conventional SERS substrates post-preparation. Notably,
photo modulation has been employed to dynamically control
SERS signals by manipulating the Fermi level of graphene
or other materials through UV-induced adsorption and
desorption of gas molecules, as evidenced in studies utilizing
reduced graphene oxide (rGO) and polystyrene (PS)
nanoarrays.*** Additionally, electrical modulation techniques,
including piezoelectric,** thermoelectric,**® and pyroelectric
methods,**” have garnered significant attention. For example,
piezoelectric substrates convert mechanical pressure into elec-
trical energy, thereby enhancing SERS signals through charge
injection into plasmonic nanostructures.*** Likewise, thermo-
electric substrates, such as those incorporating GaN with Ag
nanoparticles, capitalize on temperature gradients to regulate
CT, significantly improving SERS signal intensity.**® Further-
more, ferroelectric materials have been utilized to modulate the
energy band structure of graphene oxide, facilitating flexible
tuning of CT processes and enhancing SERS responses across
various analytes.**® Collectively, these advancements underscore
the potential of active modulation techniques to enable real-time
adjustments in SERS performance, thereby expanding the applic-
ability of this sensitive analytical tool in diverse fields, including
environmental monitoring and biomedical diagnostics.

4.6.4 Non-traditional excitation wavelength SERS: the UV
and NIR-SERS. Besides the materials generality, extending the
excitation laser wavelength of SERS beyond the visible regime is
another viable way for expanding the generality and versatility
of SERS as a powerful analytical technique. Extending towards
NIR was achieved much earlier than the opposite UV direction,
as the SPR of Ag and Au usually extends to NIR, while due to

This journal is © The Royal Society of Chemistry 2025
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their electronic structure limit the frequency of SPR to visible
range (also related to the dielectric constant of metals), it is
difficult to generate SPR in the ultraviolet region. Extension to
the UV direction was on the other hand, somehow done in
parallel to the exploration of new substrate materials beyond
the coinage metals.

Near-infrared Fourier transform surface-enhanced Raman
spectroscopy (NIR-FT-SERS) microprobe spectroscopy offers
distinct advantages over visible SERS due to the reduced like-
lihood of surface photochemical changes induced by near-
infrared radiation, potential avoidance of sample fluorescence,
and an EF that is approximately an order of magnitude greater
than that achieved with visible excitation. In NIR-FT-SERS, the
excitation of Raman scattering is facilitated by a Nd:YAG laser
operating at wavelength of 1064 nm, with spectrum acquisition
conducted using a Fourier Transform Infrared (IR) spectro-
meter that operates within the near-infrared spectral range.
Owing to these advantages, significant interest has emerged in
utilizing NIR-SERS spectroscopy as a novel analytical technique
for acquiring structural insights regarding adsorption and
reactivity within the initial adsorption layer. Fig. 45a and b
depicts the NIR-SERS microprobe spectra of pyridine adsorbed
on a roughened Au or electrode in a 0.5 M LiCl aqueous
solution under 1064 nm excitation at various characteristic
potentials in 1988.%*°

However, this strategy cannot be applied to the UV region.
This is because the SPR of SERS-active materials such as Ag and
Au is difficult to extend to the UV range, where the interband
transition from d band to sp band is dominated. The develop-
ment of new substrate materials is necessary for such an
extension. Tian and colleagues were the first to observe
SERS excited by UV light on transition-metal electrodes
(Fig. 45c¢ and d).**" The adsorption of pyridine and SCN~ on
roughened Rh and Ru electrodes, respectively, was investigated
with 325 nm laser excitation. The experimental UV-SERS find-
ings in 2003 align with initial theoretical calculations grounded
in the electromagnetic enhancement mechanism, indicating an
EF of approximately two orders of magnitude for Rh and Ru
electrodes under 325 nm excitation.

Popp group found later that Al acts as a SERS-active sub-
strate for deep-UV excitation wavelengths in 2008. They
reported a UV-SERS spectrum of a 1 x 10™* M crystal violet
solution on a 50 nm thick Al surface, excited with a 244 nm
laser (Fig. 45€).**° Al with different nanostructures, such as
nanovoids and Al film-over-nanosphere substrates, was then
gradually developed into a main deep-UV SERS-active substrate.
In 2014, Halas group reported the fabrication of Al nanodisks
using electron beam lithography, demonstrating tunable plas-
mon resonance from UV to visible region, as shown in
Fig. 46a.**> However, individual nanodisks struggled to gener-
ate sufficiently strong hot spots for SERS detection. In 2016,
Van Duyne group reported the first fabrication of Al film-over
nanosphere (AIFON) substrates for UV SERRS at the deepest UV
wavelength (Jey = 229 nm).**

Subsequently, in 2017, Halas group achieved SERS measure-
ments using Al nanocrystals (NCs), which involved a chemical
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synthesis with uniform shape and controllable size, as shown
in Fig. 46b.**® Interest in Al nanocrystal plasmonics for SERS is
due to the sustainable and earth-abundant nature of Al (20 000
times less expensive than Au). Most importantly, the develop-
ment of bottom-up chemical syntheses resulted in highly pure
Al with far fewer impurities than top-down fabrication meth-
ods. For SERS, this results in substrates with significantly larger
field enhancements than obtainable with Al SERS substrates
fabricated using film deposition methods. Other advantage of
Al is the remarkable size-tunability, ranging from the UV into
the mid-infrared and the thin oxide surface of Al, which
facilitates far more binding chemistries than Au-based SERS
substrates.”*® In contrast to Ag nanoparticles, the self-
terminating surface oxide passivates the Al nanocrystal surface,
making the metal nanoparticle more stable. Fig. 46¢ shows how
Al nanocrystals of different sizes can be synthesized by a
straightforward change in their growth conditions (solvent
used during synthesis).*** Fig. 46d and e compares the SERS
spectrum obtained with both Al and Au substrates and with the
normal Raman spectrum of the molecules under study.**” It is
worth pointing out that in the case of Al SERS substrates, the
analyte spectrum is more similar to that of the unenhanced
Raman spectrum than for Au substrates.

4.6.5 Shell-isolated nanoparticle-enhanced Raman spec-
troscopy. As discussed in previous sections, researchers have
made significant strides in expanding the applicability of SERS
to various materials through the “borrowing SERS activity”
strategies (see Section 3.1). While these methods have broa-
dened the general applicability of SERS materials, they encoun-
ter difficulties when applied to the detection on smooth
surfaces and well-defined crystalline surfaces. In terms of sur-
face morphology, it is essential to explore alternative methods
for generating SERS activity on atomically flat single-crystal
surfaces.

One potential approach involves the excitation of SPPs on
the flat metallic surface through the implementation of a
specialized optical configuration. Although the ATR-SERS had
been developed since the 1980s to study the smooth single-
crystal surfaces, the EF is limited to around one to two orders of
magnitude. The invention of TERS in 2000 provided a solution
to the limited surface generality of SERS. In TERS, the LSPR
effect is harnessed to amplify the electromagnetic field at the
apex of a plasmonic probe. When the probe is irradiated with a
laser source of appropriate wavelength, the resultant enhanced
electromagnetic field can interact with a sample positioned in
close proximity to the probe’s apex. In principle, TERS is
promising for solving the issue of substrate and surface gen-
eralities as the Raman signals from any substrate regardless of
material and surface smoothness can be increased by borrow-
ing from the tip apex enhancement, as shown in Table 3.
However, TERS is strongly dependent on sophisticated instru-
mentation, and its total Raman signals are very low as only a
singular nanotip works as the Raman amplifier. These issues
make TERS impractical for many applications.

In 2010, SHINERS®*® was invented to tackle the above-
mentioned limitations of SERS in study of single-crystal

Chem. Soc. Rev,, 2025, 54, 1453-1551 | 1511
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Fig. 45

(a) and (b) NIR-SERS spectrum of (a) a pyridine/Au electrode and (b) a pyridine/Ag electrode at —0.6 V versus Ag/AgCl 0.05 M pyridine, 0.5 M LiCl

after roughening. UV-SERS spectra of SCN™ on Rh (c) and Ru (d) electrodes as a function of the applied potential. (e) Deep-UV SERS spectrum of a
1 x 10~ M crystal violet solution on a 50 nm thick aluminum surface, the wavelength of the incident laser was 244 nm. Reproduced from ref. 439-441
with permissions. Copyright 1988 Society for Applied Spectroscopy, Copyright 2003 American Chemical Society. Copyright 2007 Wiley.

surfaces and SERS-inactive materials (Fig. 47). SHINERS is the
latest version of the “borrowing SERS activity” strategy and
utilizes shell-isolated nanoparticles that feature plasmonic
cores made of Au or Ag and are encased in ultrathin (1-5 nm)
shells that are chemically and electrically inert, such as SiO, or
Al,O;. In SHINERS, the Au cores can generate strong electro-
magnetic fields to enhance the Raman signals of molecules
nearby, while the chemically and electrically inert silica shells
can prevent direct contact between the Au/Ag core and probe
materials, thus avoiding interference from the metal cores and
improving the universality of probed materials and surface
morphology (Fig. 24f and 25f). In principle, SHINERS can
achieve trace analysis on any surfaces by simply spreading
many Au@SiO, core-shell nanoparticles - typically around a
thousand within the light spot - on the surface to be probed,
thus solving, at least to some extent, the long-standing materi-
als and morphology limitations of traditional SERS.

1512 | Chem. Soc. Rev,, 2025, 54, 1453-1551

The benefits of SHINERS are multifaceted. Firstly, the ultra-
thin, pinhole-free shells effectively isolate the core particles
from the surrounding material surface and environment,
thereby reducing interference from the Au and Ag cores.
Secondly, the chemically inert nature of the shell inhibits
fusion of both interparticle and particles with the metal sub-
strate, thus significantly improving the stability of the nano-
particles and probe configurations. Thirdly, the thickness of
the shell can be manipulated to regulate the nanogap between
the Au or Ag core particles and the substrate, which in turn
influences the electromagnetic coupling between the particles
and the substrate. Finally, the Au and Ag cores enhance the
local electromagnetic field, thereby amplifying Raman signals
from the probe substrate while maintaining its structural
integrity.

SHINERS is distinguished from contact-mode SERS and
TERS by the presence of an inert, ultrathin shell, which acts

This journal is © The Royal Society of Chemistry 2025
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Fig. 46 (a) Aluminum plasmon generated by aluminum nano disk. (b) Experimental and theoretical extinction spectra of monodisperse Al nanocrystals in
isopropanol, the inset shows the SEM image of an Al dimer (scale bar = 200 nm). (c) Size control of aluminum nanocrystals. Increasing the fraction of
tetrahydrafuran (THF) in a 1,4-dioxane/THF solution yields larger nanocrystals. The top panel shows the reaction scheme for synthesis of aluminum
nanocrystals. The bottom panel shows the representative TEM images from synthesis with 0, 0.5, 0.6, and 0.8 THF volume fractions in a THF/1,4-dioxane
solution (from left to right) (scale bar = 100 nm). (d) SERS spectra of APhS and (e) PABA on Al (red) and Au (blue) substrates with normal Raman spectra

(black) as reference. Figures are adapted from ref. 442, 444 and 445 with permissions. Copyright 2014, 2015 & 2017 American Chemical Society.

Table 3 The comparison between localized surface plasmon, Raman spectroscopy, SERS, TERS, and SHINERS

Localized surface
plasmon, LSP

Raman spectroscopy SERS (LSP + Raman) TERS (LSP + Raman + tip)

SHINERS
(LSP + Raman + shell)

Sensitivity Excellent Poor Excellent Excellent Excellent

Single molecules Many molecules Single molecules Single bond Single molecules
Energetic resolution Poor Excellent » Excellent » Excellent » Excellent »

~10 eV ~10 eV(lcm ) ~10 eV (lcm ) ~10 eV(lcm ) ~10 eV(lcm )
Spatial resolution Good-excellent Good Good Excellent Good

~200 nm (far field) ~200 nm ~200 nm ~3 nm (Ambient) ~200 nm

~3 nm (near field) Sub-A (UHV, LT)
Materials generality Poor Excellent Poor Poor Poor

Au, Ag, Cu, Lj, ... Au, Ag, Cu, Lj, ... Au, Ag, Cu, Li, ... Au, Ag, Cu, Lj, ...
Morphology generality Nanostructure Any morphologies Nanostructure Flat surface Any morphologies
Molecule generality Adsorbed molecules Any molecules Adsorbed molecules Adsorbed molecules Adsorbed molecules
Nanostructure Poor — Poor Poor Good
Stability Atomic migration Atomic migration Atomic migration Shell protected

as an insulating barrier, preventing direct interaction between
the probe materials and the noble-metal cores composed of Au
and Ag (shell-isolated mode). SERS implicitly involves direct
contact between the SPR-active nanostructure surface and the
probe target (molecules or materials) (contact mode), as shown
in Fig. 47a and b. Therefore, SHINERS cannot be classified as a
SERS technique. This distinction also applies to TERS. How-
ever, since SERS, TERS, and SHINERS all involve local field
enhancement primarily from SPR enhancement, each can be
considered as a unique PERS (plasmon-enhanced raman
spectroscopy) technique. The detailed comparison of the LSP,
Raman and those PERS techniques are shown in Table 3. Based
on SHINERS, Tian group successfully acquired Raman signals

This journal is © The Royal Society of Chemistry 2025

of molecules adsorbed on Au and Pt single-crystals. The average
EFs for Au(110) and Pt(110) reach 10° and 10°, respectively,
which are found to be equivalent to, or in some instances
surpass, the EFs achieved with bare Au nanoparticles.**” More-
over, this approach enables in situ Raman measurements of
weakly adsorbed species like water molecules on single-crystal
transition metal surfaces, a feat previously unattainable (see
Section 5.2.1).

It should be noted that, although SHINERS addresses sev-
eral limitations associated with contact-mode SERS for surface
analysis, it is accompanied by a reduction in Raman
enhancement.”**® Specifically, the interparticle plasmonic
coupling and the coupling between the nanoparticles and the

Chem. Soc. Rev., 2025, 54, 1453-1551 | 1513
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Fig. 47 Schematic of the mode of SERS, TERS, and SHINERS. (a) Bare Au
nanoparticles: contact mode. (b) Au core-transition metal shell nano-
particles adsorbed by probed molecules: contact mode. (c) TERS: non-
contact mode. (d) SHINERS: shell-isolated mode. Figures are reproduced
from ref. 20 with permission. Copyright 2010 Springer Nature.

substrate in shell-isolated nanoparticle-on-substrate configura-
tions are relatively moderate when compared with bare
nanoparticle-on-substrate systems. Consequently, dependent
on the thickness and dielectric constant of the shells, the
average enhancement factor achieved through SHINERS may
be lower than that obtained from a bare gold nanoparticle
dimer situated on silicon and platinum substrates, respectively.
However, theoretical studies have shown that by optimizing the
thickness and refractive index of the SHIN shell, the sensitivity
of SHINERS can even surpass that of traditional bare Au
nanoparticles. Nevertheless, achieving this goal remains experi-
mentally challenging due to the need to fabricate ultrathin yet
dense shells.

Another important development of SHINERS is that the
ultrathin inert shell-isolated strategy is also applied to TERS
by Li and Zenobi group and named as shell-isolated tip-
enhanced Raman spectroscopy (SITERS).**® In traditional
TERS, although its working principle is based on the non-
contact mode (someone called as the gap mode), the exposed
tip may still lead to direct adsorption of the analyte molecules
onto the tip surface, causing signal interference, especially in
studying different facets of single crystal surfaces. This issue is
particularly evident in solution systems. Therefore, coating the
tip with an inert shell to shift from the traditional non-contact
mode to a shell-isolated mode can prevent the adsorption of
analyte molecules on the tip, thereby expanding the application
range of TERS. In addition, the shell of SHINs can be functio-
nalized by modifying its composition to meet specific detection
requirements, such as acid and alkali resistance or anti-
sintering properties.

4.7 Key methods for evaluation of enhancement factors

To ensure the precision and reliability of SERS, it is essential to
develop quantitative analysis techniques for SERS. The emer-
gence of the SERS field can be traced back to Van Duyne’s
quantitative analysis of spectral EFs.” In 1983, Moskovits and
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colleagues observed an enhancement exceeding 4 x 10° for
colloidal Ag nanoparticles (Ag NPs) by comparing the Raman
intensity of the SERS signal with that of normal Raman
spectroscopy under the same experimental conditions.**° From
the current definition, this article was the first to calculate the
average Raman EF.

Notably, the EF encompasses not only electromagnetic
enhancement from nanostructures but also chemical enhance-
ment mechanisms, including resonant Raman effects and
charge transfer processes (see eqn (4) and Fig. 49). Conse-
quently, EF can be defined and quantified differently depend-
ing on the specific aspects under consideration, leading to
varying values across different analytical frameworks. In 1984,
Stockburger and colleagues introduced the concept of EF to
assess the SERS performance of colloidal substrates.*”® They

defined EF as
o Isgrs /IRaman (5)

EF = -
Csurf " fsh/  Coulk

where cg,r and cpy represent the concentrations of molecules
at the surface and in solution, respectively, and f;}, signifies the
shielding effect of colloidal particles on incident and scattered
light. The researchers recommended determining Isgrgs Within
the linear adsorption isotherm range but did not provide
guidance on how to establish cgys-.

In 1997, two groups'®" reported the observation of SERS
spectra from single dye molecules on Ag nanoparticle colloids
independently. The single-molecule EF, which is the SERS
enhancement of a given molecule at a specific point, is influ-
enced by various factors, such as the Raman tensor of the
molecule, its orientation on the SERS substrate, and the local
electric field at the specific point. Additionally, the orientation
of the SERS substrate in relation to the incident laser polariza-
tion and direction also plays a significant role in determining
EF. Therefore, a precise definition of the SERS substrate
geometry and the accurate positioning and orientation of the
molecule on the substrate are essential in calculating EF. The
single molecule EF is defined as

EF = IgI];)/IRS/ISRIZIman (6)

where Ignrs denotes the SERS intensity associated with the
specific single molecule being analyzed and Igyman represents
the average Raman intensity per molecule for the same
probe.*®

It should be noted that in the original SM-SERS report, EFs
of the order of 10" Inks were taken for a resonant molecule.**
Even in the absence of plasmonic nanostructures, the Raman
EFs of resonant molecules induced by resonance Raman effects
can achieve 10*-10°. Therefore, more realistic EFs of SM-SERS
in terms of EM enhancement are of the order of 10°-10'°,
which is sufficient for SM-SERS detection in the best conditions
with dye molecules such as R6G with resonance Raman
enhancement of 10° It is crucial to distinguish whether the
study concerns SERS (non-resonant molecules) or SERRS (reso-
nant molecules) when quantifying the Raman EF. If the process
under investigation is SERRS, it is essential to exclude the

This journal is © The Royal Society of Chemistry 2025
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Raman enhancement resulting from the resonance Raman
effect in the resonant molecules to obtain an accurate Raman
EF from nanostructures.

In 1998, Tian and coworkers®® proposed a similar EF for
evaluating solid SERS substrates as

_ Isprs

_ 1 Raman (7)
Nsers

EF
N, Raman

where Isgrs and Ixaman denote SERS and normal Raman inten-
sities, while Nggrs and Ngraman indicate the number of mole-
cules contributing to the respective signals. This formulation
elucidates the essence of SERS enhancement and found wide-
spread use in assessing the SERS activity of different substrates.
Nevertheless, accurately determining Nggrs and Ngaman €Xperi-
mentally, particularly for molecules with poorly characterized
adsorption behaviors, poses challenges and may lead to sig-
nificant variations in EF, even within the same type of SERS
substrates.

The confocal microscope possesses excellent depth discri-
mination, ensuring that only a minuscule effective volume of
the solution is probed. This capability significantly reduces the
interference from robust Raman signals that may arise from the
bulk phase of the solution. Furthermore, the integration of the
confocal microscope system facilitates a considerable enhance-
ment in the numerical aperture (N.A.) of the objective lens,
which in turn greatly increases the solid angle available for the
collection of scattered photons. The direct determination of the
term Ngaman Should be derived by considering the confocal
properties of the microscope. Fig. 48 illustrates the spatial
intensity distribution, specifically the waist contour, of a laser
beam that has been focused within an aqueous medium.
Conventionally, it is assumed that all molecules within the
irradiated volume of the solution contribute to the quantity
denoted as Nraman. However, the efficiency of photon collection
from molecules dispersed throughout the solution exhibits
variation in accordance with the confocal depth, which influ-
ences the efficiency of scattered photon detection across differ-
ent planes within the illuminated volume. Molecules located at
the ideally focused plane (where z equals zero) contribute the
most to the overall intensity. Thus the Ngraman Should be written
as Nraman = ANCN,, where A is the area of the focal spot of laser.
h is the height of the effective layer, depending on the pinhole
size and the objective lens. ¢ is the concentration of the
molecules and N, is the Avogadro constant.

In 2007, Etchegoin, Le Ru and coworkers introduced the
analytical EF (AEF) as

Isgrs / IRaman
AEF = —— 8
Csgrs/ Craman (®)

where Csgrs and Craman represent the solution concentrations
used for SERS and normal Raman spectroscopy, respectively.>%*
AEF offers a practical alternative for evaluating substrates’
sensitivity to analytes initially in solution or gas phase. How-
ever, Le Ru and colleagues noted that AEF, being more experi-
mentally oriented, overlooks the transfer of analytes from bulk
to the surface and provides averaged results. This characteristic

This journal is © The Royal Society of Chemistry 2025
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renders AEF susceptible to changes with varying experimental
conditions, including alterations in Csgrs and Craman, making
theoretical modeling challenging. The issues related to the
determination of the number of species being probed (Ngraman
or Nggrs) led Brolo group to suggest a new procedure for the
evaluation of SERS substrates that utilizes single-molecule
statistics in SERS.*”' The method does not require the deter-
mination of Nraman @S single molecules are involved in the
SERS experiments. The method allows substrates to be evalu-
ated using three different metrics related to the maximum
average EF, the density of hot spots within the probed area
and the average hot spot localization.

TERS significantly enhances signals due to the intensified
electromagnetic field at the tip apex, a result of the LSP and the
lightning rod effect. The technique detects a rapidly diminish-
ing near-field signal from a minuscule scattering volume,
which is scattered by the tip in the presence of a far-field
background emanating from the entire illuminated region. The
expression of the EF in TERS is defined as***

Itip — Io\ Rer?
Iy Rny?

EFtERs = ( (©)
where Iri, and I, are the Raman signal intensities with the tip in
contact and retracted from the sample, respectively. Rgr is the
radii of the focus laser beam spot, and Ry is the radii of sample
areas probed in the near-field. There are two methods to
calculate Ryp: one is based on the tip apex curvature
radius,*® and the other is derived from the spatial resolution
of the TERS imaging.***

From a fundamental research perspective, there remains a
considerable discrepancy between theoretical predictions and
experimental measurements of SERS/TERS EFs. For instance,
experimentally calculated EFs are often significantly lower than
those predicted theoretically. Accurate quantification necessi-
tates accounting for not only the electromagnetic mechanism
in nanostructures, which can be strongly orientation-
dependent, but also the chemical enhancement mechanism.
This includes considering both resonant and non-resonant
effects, as well as the average effect of single and multiple hot
spots, which remains a substantial challenge in the field.

This challenge also partly arises from an inherent contra-
diction between the ultra-sensitivity of SERS substrates and
their capability for quantitative detection. The ultra-sensitive
SERS “hotspots” required for high sensitivity detection can
dramatically amplify molecular signals, making it exceedingly
difficult to accurately estimate the number of molecules.
Furthermore, metal colloids and solid substrates are prone to
aggregation, contamination, surface reconstruction, and degra-
dation when exposed to ambient environments. These factors,
along with variations of laser and optical alignment, lead to
instability in SERS signals, thereby affecting the accuracy and
reproducibility of quantitative analysis.

Overcoming the primary challenge in achieving quantitative
analysis with SERS involves addressing the uniformity and
reliability of the SERS substrates, which requires the standar-
dized production of uniform SERS substrates, such as

Chem. Soc. Rev,, 2025, 54,1453-1551 | 1515
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nanoarrays with specific arrangements.*>* Bell, Xu, and cow-

orkers showcased emulsion-templated self-assembly as a
method capable of producing consistently spherical colloidal
aggregates that are free of surface modifications and maintain
stability for extended periods.*>> The robust stability and
potent plasmonic enhancement of these aggregates enable
precise and quantitative detection of weakly adsorbing analytes
in protein-rich biomedia through SERS.

Therefore, when analyzing the total SERS EF (Fig. 49), it is
crucial to consider the contributions of SERS enhancement
from different aspects quantitively and distinguish between
average EF and maximal EF. The former is typically associated
with large-area SERS substrates, while the latter is commonly
estimated in single-molecule or single-particle experiments. For
instance, the widely accepted SERS EF for colloidal Au and Ag
nanoparticles is often cited as 10°,**® which generally refers to
the average EF. In contrast, single-molecule SERS experiments
frequently report factors of up to 10'%,"***” which are typically
defined as the maximal EF. It is important to note that such
maximal EF usually encompass the combined contributions of
multiple enhancement mechanisms, including electromag-
netic field enhancement, resonance effects, and chemical
enhancement, as shown in Fig. 49.

In the context of EM mechanism, the quality factor (or the
loss of the plasmonic mode) and the mode volume of the
plasmonic mode are the key factors to determine the EM
enhancement. For individual Ag, Au nanoparticles, average
SERS EF typically range from 10 to 10°, with maximal EF from
10% to 10*.*»*°® Notably, plasmonic coupling between nano-
structures can significantly reduce the mode volume, thereby
generating intense hotspots. In such coupled systems, maximal
SERS EF can reach 10°-10'°, with average EFs exceeding
10°.>5*° In extreme cases involving atomic-scale protrusions
within the hotspots, such as the picocavity, maximal EF can
Sul‘pass 1012.34,358,457

Conversely, for non-traditional metals other than Ag and Au,
increased plasmonic losses lead to decreased plasmonic reso-
nance quality, resulting in reduced SERS EFs. For instance,
typical average EFs for these materials generally fall within the
range of 10 to 10*."** In addition to metallic materials, the SERS

1516 | Chem. Soc. Rev., 2025, 54, 1453-1551

EF of dielectric substrates, utilizing Mie scattering and the
lightning rod effect, can reach up to 10°.**® Further, materials
such as graphene achieve an SERS EF by a factor of approxi-
mately 10 via CE mechanism while the SERS EF on semicon-
ductors can reach up to 107 or even 10%.%°®

Another significant yet often overlooked effect in SERS is the
resonance effect, which is associated with molecular electronic
state transitions and excitation wavelength. This effect can
provide additional signal enhancement beyond the electromag-
netic (EM) mechanism. For instance, in the case of common
R6G dye molecules, resonant excitation can contribute a reso-
nance EF of up to 10°****” This resonance effect plays a
crucial role in compensating for signal enhancement in SM-
SERS experiments. However, as previously discussed, the reso-
nance effect is not general in SERS analytes. Besides, it should
be noted that the resonance EFs for most fluorescent molecules
beyond R6G are typically limited from 10> to 10*. Moreover,
upon surface adsorption, the anticipated resonance enhance-
ment is usually attenuated due to chemisorption induced
quenching, leading to less pronounced enhancement than
expected. Consequently, an excessive focus on the substantial
EFs or absolute signal intensities resulting from resonance
Raman effects often has limited significance in broader SERS
applications.

The CT mechanism in SERS is influenced by various factors,
including the adsorption state, molecular orientation, and CT
processes. While the contribution of chemical enhancement to
the overall SERS enhancement is typically modest, ranging
from 10 to 1000,"*****” its significance should not be under-
estimated. From a surface chemistry perspective, understand-
ing the CE mechanism is crucial for elucidating molecule-
surface interactions via SERS. Moreover, for the application of
SERS across diverse analytical fields, particularly in the devel-
opment of quantitative or semi-quantitative analysis systems
aimed at commercialization, a comprehensive grasp of
chemical enhancement mechanisms is indispensable.

Moreover, for specific materials and systems under investi-
gation, it is crucial to comprehensively evaluate the interplay
between EM and CE mechanisms on enhancement factors.
Notably, this interaction cannot be simplified as a mere

This journal is © The Royal Society of Chemistry 2025
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Fig. 49 Typical ranges of EM and CE contributions to the total SERS EF. The total SERS EF of Au, Ag, Cu and nontraditional materials have several
contributions, including EM mechanism, resonance Raman effect and CT mechanism. The error bars represent the typical range of each contribution. For
Au, Ag and Cu, the typical contribution of EM mechanism is 6 to 12 orders of magnitude, while that for nontraditional SERS materials is 1 to 4 orders of

magnitude. The typical SERS EF resulted from the resonance Raman effect is
mechanism is about 1 to 3 orders of magnitude.

product of EM and CE contributions; rather, it demands
comprehensive analysis of their complex interdependence. A
prime example is the phenomenon of molecular adsorption at
interfaces, which can simultaneously modify the interfacial
refractive index,**® thereby affecting both the optical response
of nanostructures and the EM EF at hotspots. Consequently,
the development of a self-consistent theoretical framework that
integrates both physical and chemical enhancement
effects®>>*°*¢1 remains crucial for accurate SERS enhance-
ment factor evaluation, although significant challenges persist
in this endeavor.

4.8 Key methods for quantitative analysis

Quantitative analysis of molecular concentration and number
is crucial for both fundamental research and practical applica-
tions of SERS. For example, in the development of SM-SERS,
following its initial observation, SM-SERS faced considerable
controversy within the scientific community. It wasn’t until a
decade after its first reported detection that SM-SERS was
unequivocally validated. This confirmation came through rig-
orous quantitative analysis based on bi-analyte SERS experi-
ments utilizing isotopically edited molecules.>!? >14:462:463
Quantitative analysis can be traced back to 1981, as shown
in Fig. 22d, in which the first attempt was tried by Pemberton
and Buck.*® As they stated that “To this time, little emphasis has
been placed on development of analytical implications of this
technique. ... However, no systematic investigation of SERS +
RRS behavior for adsorption from varying starting solution con-
centrations of a colored adsorbate at an enhancing metal electrode
has been made. The work presented here was undertaken in an
attempt to demonstrate the analytical utility of SERS + RRS in

This journal is © The Royal Society of Chemistry 2025

approximately 2 to 6 orders of magnitude, while the that contributed by CT

detecting surface species adsorbed at an enhancing metal electrode
from solutions initially of low concentration in adsorbate.”. Nor-
mally, according to the surface adsorption isothermal, a linear
relation is possible between SERS intensity of a certain Raman
peak and the concentration of the analyte, and a much wider
linearity range could be realized via a log/log plot. Note that the
univariate evaluation relying solely on the peak intensity of a
single Raman peak may introduce potential qualitative
deviations.

The surface coverage plays a crucial role in the quantitative
analysis of SERS. In 1981, Shen and coworkers investigated the
adsorption of pyridine adsorbed on a Ag electrode—electrolytic
solution by using SERS*® and surface second harmonic gen-
eration (SHG).**® The observed adsorption isotherms can be
approximated by the Langmuir isotherm, while the transient
adsorption following a simple Langmuir kinetic model was
difficult to descript surface adsorption of pyridine on Ag
electrode.

Similar to fluorescence, SERS exhibits a linear relationship
with surface concentration at low to moderate coverage levels.
However, deviations from this linearity occur at higher surface
coverages. It is important to note that it only applies to surface
coverages not to bulk concentrations. When the adsorption is
less than 2/3 of a monolayer for various analytes, a linear
correlation between SERS intensity and analyte concentration
in the bulk solution may be observed, suggesting that solutions
should be diluted, akin to conditions in molecular
fluorescence.

This conclusion also helps in understanding the early
observations of potential-dependent SERS, as discussed in
Fig. 12. At that time, this phenomenon was considered direct
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evidence of the CT mechanism. This phenomenon was con-
sidered direct evidence of the CT mechanism. However, in
1991, Stolberg et al. correlated SERS intensity with the inde-
pendently measured surface concentration for various bulk
pyridine concentrations and variable electrode potentials.'*®

Fig. 50a presents the 1010 cm™ " band intensity as a function
of electrode potential for four different bulk pyridine concen-
trations. These plots display characteristic maxima similar to
those observed in Fig. 12a. However, when the same data are
plotted against the surface coverage of pyridine, as seen in
Fig. 50b, the dependence on bulk concentration is eliminated.
This data aligns with a single relationship, featuring a max-
imum at a surface concentration of 4 x 10~*° mol cm™?, which
corresponds to 2/3 of a monolayer coverage. It indicates that
observed SERS intensity depends on coverage.

Later in 1999 and 2001, a more solid quantitative analysis
was achieved by considering more information from the peak
or the whole Raman spectrum with the introduction of multi-
variate calibration with partial least squares (PLS), one of the
mostly commonly used machine learning techniques. The
experimental variations (such as reproducibility and uniformity
of SERS substrate, the modified interaction between analyte
and SERS substrate, and the instrument conditions) make the
accurate quantitative analysis challenging, however by careful
consideration of the surface adsorption chemistry and control
of the reproducibility of the surface used for enhancement,
accurate and reliable quantitation can be achieved using SERS.
Initially the focus of quantitative SERS analysis using Ag
nanoparticles resulted in a series of studies to improve the
synthesis of the nanoparticles*®” and to understand the surface
chemistry of adsorption,*®® before extending to the measure-
ment of therapeutic drugs,*®® illicit substances*’® and
biomolecules.””" These select studies showed this approach
with many more studies reported covering multiple targets with
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the focus being on control of the surface adsorption and
aggregation of nanoparticles. Many comprehensive reviews
are dedicated to this topic and have more information on this
key area of performance for utilization of SERS.*”>™*7*

An alternative approach is to rely on a calibration strategy
via an internal standard. A trusted internal standard should be
able compensate for the above variations with a SERS signal
free of interference with that of the analyte. The isotopic
internal standard method was proposed independently by Bell
et al.*’® and Zhang et al.*’®

In 2004, Bell and colleagues used isotopic pyridine as an
internal standard to realize quantitative analysis of nicotine
over a wide concentration range (0.1-10 ppm) with a R* of
0.998.77° Independently, in 2005, Zhang et al. used the isotopic
rhodamine 6G as internal standard for rhodamine 6G, by which
a better than 3% batch-to-batch reproducibility over a concen-
tration range of 200 pM-2 uM was accomplished.*”® Instead of
using the expensive isotopic reagents, Bell et al. introduced
CNS™ as the internal standard for the SERS detection of
dipicolinic acid, a marker for bacterial spores, and achieved a
linear range of 0-50 ppm with a R* of 0.986.*””

An alternative quantitative analysis is to use frequency shift,
which originated from the change in relative intensity of probe
molecules before and after interaction with analyte. In 2012,
Olivo group demonstrated the frequency shift-based quantifi-
cation of antigen triggered by biomarker-ligand recognition.*”®

Despite being well demonstrated, it is difficult to avoid the
dynamic exchange and competitive adsorption between analyte
and the internal standard molecule when their concentrations
are significantly different. Thanks to the development of SERS-
active core-molecule-shell nanoparticles (CMS NPs),**”*” in
which a molecular layer is interposed between the core and
shell, the SERS signal of the embedding molecular layer is not
influenced by the external environment, and can be used as a

This journal is © The Royal Society of Chemistry 2025
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novel internal standard for quantitative analysis. The CMS
based internal standard strategy was independently developed
by Zhang group?’® and Ren group in 2015.>*® They convincingly
demonstrated the capability of these nanoparticles to quantita-
tively analyze target molecules across a wide concentration
range, exhibiting a linear relationship between the relative
SERS intensity and the surface coverage. Additionally, enhan-
cing the specificity of substrates towards analytes through
surface modification and functionalization also promises to
improve the accuracy and save time in quantitative analysis.

It seems the CMS based internal standard strategy for
quantitative analysis is the most promising one among the
above ones. Nevertheless, realizing a reliable quantitative ana-
lysis in real samples remains an unresolved challenge. This
endeavor encompasses several key areas, such as the control-
lable large-scale production of CMS NPs, which serve as the
foundation for SERS assays. Additionally, efficient sample pre-
treatment is a critical preliminary step for SERS analysis of
most real samples, as it can significantly influence the quali-
tative and quantitative analysis. Moreover, the working curve
for quantitative analysis may be subject to potential deviations
due to the competitive adsorption of residual impurities on the
SERS substrate. Addressing these concerns is crucial for advan-
cing the field of SERS-based quantitative analysis.

To apply comparable and reproducible measuring condi-
tions in SERS, microfluidic devices were developed and com-
bined with a Raman microscope for readout, which could help
to average SERS signal over either time or space to reduce the
signal fluctuation and improve the reliability of quantitative
analysis. The first study on quantitative analysis utilizing SERS
in microfluidic environments date back to 2002,%° where a
model derivative of TNT was developed within the lab-on-a-chip
paradigm, employing solely the analyte and readily accessible
reagents. In 2006, the quantitative detection of nicotine within
the range of 0.1 ppm and 10 ppm*®" as well as the quantifica-
tion of the pesticide methyl parathion between 0.1 ppm and
1 ppm*®* was achieved. In 2007, by applying a liquid/liquid
segmented flow within a microfluidic device, individual dro-
plets of 180 nL were investigated illustrating the high potential
of SERS to quantify substances in sub-uL volumes without the
agglomeration of colloidal nanoparticles at the channel walls
avoiding the memory effect.*®® Later, droplet-based microflui-
dic SERS approaches prove their potential in drug monitoring
by quantification of levofloxacin*** or nitroxoline*®* in spiked
human urine samples.

It should be noted that the complexity of the multiple
interactions among the laser, molecules, and nanostructures
that generate the SERS signal may exceed our imagination,
often leading to significant differences in the SERS spectra
obtained by different experimental groups due to variations in
experimental details. For example, since Fleischmann and
coworkers reported the first SERS spectra of pyridine on a Ag
electrode 50 years ago, over 2000 studies on the SERS of
pyridine have been published, some of which reported different
spectral features. In Fleischmann et al.’s spectra, a new and
strong peak at 1025 cm™ ' appeared (Fig. 3g-h), as we
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mentioned in Section 2.5, which differed from those reported
by others later. This discrepancy arose because they electro-
chemically roughened the Ag electrode under high-power laser
irradiation in a solution containing pyridine and KCl, perform-
ing nearly 200 oxidation-reduction cycles. Upon further inves-
tigation, it was found that the 1025 cm ' peak most likely
originates from a surface complex of pyridine with Ag clusters
and chloride ions formed through a laser-induced surface
chemical process, rather than from free pyridine molecules
adsorbed on the electrode surface.

Kudelski and coworkers also found that for Ag nanoparticle
structures, this peak is either very weak or difficult to observe
when spherical Ag nanoparticles are used as the SERS sub-
strate, but it is more easily detected on irregular flattened Ag
nanoparticles.*®® Muniz-Miranda attributed this peak to a
complex formed between pyridine and the positively charged
Ag;>" cluster, which is related to the chloride ions present in
the electrolyte solution.*®” Therefore, to accurately analyze the
Raman peaks in SERS spectra for nanoparticles or substrates
prepared by different experimental methods, it is necessary to
precisely correlate all the relationships of interface species
formed and all experimental parameters. This is crucial for
methodology and establishing detailed benchmark experi-
ments to study the SERS mechanism and facilitate commercia-
lization successfully.

5. Advances in recent years (mid-
2010s—mid-2020s)

The rapid advancement of nanoscience and the urgent needs of
analytical science, surface science, electrochemistry, biology
and other disciplines initiated the second upsurge of SERS.
As summarized in Fig. 17, it shows that the number of SERS
related publications increased rapidly from 1995-2015. It
should be noted that the exponential growth in the number
of publications since 2000 was largely due to lower technologi-
cal threshold for nano synthesis and the increased accessibility
of SERS research. However, the key foundations of the outbreak
were laid in 1974-2000."*"'%7

There have been many excellent reviews about
the theories’Zl,32,34,242,243,269,404,452,488,489 eXperimental meth'
OdS’21,25,30734,166,242,243,269,404,452,4897500 and praCtical apph_
Cationsll,25,28,30732,34,242,269,452,4907493,497,501 Of SERS, Wthh can
be referred to for more detailed progress in the field for this
period. We emphasize that the methodological foundations
underpinning these advancements were largely established
within the first two decades of SERS research. These early
contributions laid the groundwork for subsequent develop-
ments and applications. Comprehensive discussions of these
methodologies and their applications can be found in several
seminal books in the field.'*¢%>027>10

Although the annual output of SERS-related articles remains
high, with around four thousand papers published each year, a
closer examination reveals a diminishing growth rate since
2015, leading to a recent plateau (see Fig. 17). This trend is
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Fig. 51 The different development directions and focus of SERS since its
discovery.

explained by the fact that most published papers employ SERS
merely as a readily accessible characterization technique or
analytical method, rather than generating innovative contribu-
tions or breakthroughs in SERS methodology and commercia-
lization. The stagnation in the growth of SERS-related
publications may signal the need to reinvigorate scientific
momentum and advance SERS research. To achieve this, it is
crucial to proactively embrace emerging science, develop novel
methodologies, and push the boundaries of current practices.

To achieve a new vibrant state in SERS, it is essential to
delineate the three distinct paths that have emerged since its
discovery. Each path presents unique development challenges
and leads to significant milestones: deep fundamental
research, broad application techniques, and extensive instru-
ment commercialization, as illustrated in Fig. 51.

In the realm of fundamental research, the focus is on
advancing new theories, instruments, and experimental meth-
ods to overcome detection sensitivity and resolution limits,
thereby expanding the boundaries of what was previously
deemed impossible. Researchers in this area often utilize
highly idealized model systems and environments, such as
LT-UHV settings and resonant molecules, to approach detec-
tion limits as closely as possible. For instance, in Section 5.1,
we will explore recent breakthroughs in spatial resolution
within fundamental research. The implementation of TERS at
liquid helium temperatures has enabled unprecedented
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advancements in spatial resolution, achieving angstrom-scale
and even atomic-level resolution. This remarkable progress
marks a significant leap forward in our capacity to probe and
characterize materials at the most fundamental scales.

In the context of general applications, the emphasis shifts to
the expansion of SERS versatility, including substrate materials,
morphologies, and molecular generality beyond the scope of
traditional Raman spectroscopy. This approach facilitates the
integration of SERS into diverse research fields such as physics,
chemistry, biology, and materials science, thereby supporting
fundamental research in these areas. Consequently, the priority
in this direction is not solely on achieving the highest signal
strength with resonant molecules, as their practical and scien-
tific value may be limited except when used as labels. Instead,
the focus should be on more realistic scenarios, such as
detecting non-resonant molecules in complex environments,
to enhance the practical utility of SERS. In Section 5.2, we will
discuss recent efforts to extend SERS applications to weakly
adsorbed molecules, diverse surface-interface systems, and
complex environments like biological research. These advance-
ments have significantly broadened the general applicability of
SERS. Notably, in general applications, the quantitative analy-
tical capabilities of SERS may be more critical than its sensi-
tivity, as elaborated in Section 5.3.

The third path poses the greatest challenges, as SERS must
be recognized as a significant analytical technique for its
relevant instruments to be realized and widely adopted. In
the context of commercial and market applications, consis-
tency and stability of spectral signals, as well as cost efficiency,
become paramount. Developing reliable, reproducible, and
affordable SERS techniques is crucial for their successful
integration into the market and everyday use.

During this period, the themes and directions of exploration
in SERS Frontiers and applications were highlighted at the
Faraday discussions meeting held in Glasgow, UK, in 2017,
chaired by Duncan Graham (see Fig. 52 and Table 4). On the
first day of the conference, there was an in-depth discussion on
the theory of SERS, with a particular focus on the quantum
electrodynamics description theory of SERS, especially follow-
ing the recent demonstration of picocavity SERS.**® The second

il

Fig. 52 Group photo of the Faraday discussions meeting on SERS, 30 August—1 September 2017, Glasgow, UK.

1520 | Chem. Soc. Rev., 2025, 54, 1453-1551

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/d4cs00883a

View Article Online

Review Article

1521

Chem. Soc. Rev,, 2025, 54, 1453-1551

Uojdweyinog Jo AsieAlup ‘ueleqep19awng )
uoneLeA pasnpur- I £S¥3S | Ul 235 Ajjenjoe am op Jeum sest
[B81JUOY 8P BYISIBAILN
UOSSE|\ SI0ouEIS Ueap 0LSL
SUOINaU JeaU BUISUSS SIPPIWISUBI0INAU 0} JOSUSSOURU SYIS dlweukq
usss3-6ingsing JelsIOAIUN
18oN|Y9S UBNSES:
PONIYIS uenseqes S0GL
sbejoueN SYIS se sieysoueN pjoo buisn
1190 J92uBD JSealg ANISod-ZYTH 216uls Jo Ad09soIoIN SHIS! dlqIonpoiday pue jsed
INNDEWOIq D] ‘Uezie-Zi sin
uopeinpow e
Buroeds ajonuedoueu nys ul ybnouy) Juswadueyua s¥3s pue Huidnod uowseld Hul e B s e s CEs)
25WI-JU8D JIBlISIBAIU ‘SUSIANM 19131
seel Buianess uewey oLioL
ARyiApoe asesjold Jo uondajap d21)-1aqe| 10} ulojeld SNIS SWOPOUBN PIoD |e21WAYD 3Y3 PUB S19313 SBEIOA JO BUIISPOIN [BIRRI03YL
ORI TR ] Jsey/0g Ajisieniun susanp ‘uosmeq ned
SIS Aq S1192 /02 °F PaydLIu3 Aje21d0}0s! Jo UoRIB}PP SAREIRUBND og:gl BuliaRess uewey pasueyud S0:94
apAjoyjess Jo Ajisieniup ‘spine usiey -diL pue-a0e4NS Ul UOKES! 9 s} pue I 0} S3N0Y [9AON
S¥3S [e1pawoiq/ABojoIq Ul SYS - € UOISSIS YI0A MO J0 969100 A0 ‘1pIEqUIoT uyor
outo] p 0oluoajjod ‘siBIoID oiziideS s105U9S SHS Jo uoneZILRdO 0091
VNYIW JO UORI}3P AREIRUEND oL:bL piemoy ‘sajoned: 1 uo bur. uewey 4ns Jo Aioay) ayl
UEIN Jo AISIBAI ToViod STE poon 931)-13qe| 10} SIIIA3P AP 1w up ! 1130311P-{EI3W SAHOE-SYTS T e RS -
( weyels ueounQ) 3in3da syJeway bul 0 Aysisaniun opiexyoH DY) owepl (R 4%
/5O TvOI90TOIE TYOINGHO GOOMIOAT NIOOTGH VS/) ‘NEsIaoIng Uoser o AT (T o ST GRS O SOl o0 Eoaul uo SEBD d
ubisaq 3AuQ 0} Buisn :s1030e4 ES) 208LINS pazi|e20 usamiag sajels buldnod Buons Jo [0JU0D [EINWAYI01}93|T uopuoT ebsjj0 [euedw] ‘uewa|ja BI0UOS]
paidde 0 \oﬂk_m\::: ,c;_zms_w_xn_wﬂ.._ﬂ_._.ﬂwm:a._mw. s1uowsely SeLL Aysianiun sjduiay sy uonenpow SOl
1 .~m§mm>,:ﬂm>=..5 il i ouwiiBal sjnoeiow 9IBUIS 91 0} 9BEI9AGD JEINSaIou! o Buroeds ajonuedoueu nyis ul ybnouy) Juswadueyud s¥3Ss pue buiidnod uowsed Buuoyuow
S3pR0ajonuAX0apoBIIQ Ul saseg albuls Jo Ad Jing o yb1y woyy :sajensqns Sy3s apow deb uo suiayed uoissiwa paziejod auejd-jo-yno buibew| ) Anunog anbseg oy} Jo AsieAiup ‘enindziy seiner —
BpLqUIED JO AjISIBAIUN YoIeasay awiAjod 10 B)NISU| 4oUB|d Xejy ‘SSUBqeS UILe eljejeN S¥3s jo 1dl. 1l pue jeaissed bunjuiy
siun[uliqinang ypm buisua: D Q15
iun[uliginong ui ISUSS eoads uewey paoueyua-di uo siajawesed WIS JO 3098 BUL abpuquied o Aysianiun ‘Biequineg Awaiep
oa] EIUBIIA PUBISSYIA 1919 i L
2ouBULIONdd S¥3S 10} I I ue 0160 Ays1aA1UN BISNOY[EQ ‘RIMBH UIASY Juawadueyua SYIS Jo A1oay] - | uoissas
se Aysuaju| pueg ybiaifey 30epNS — UopeZ) 30ds 10H Aq Su3S $324n0S M2 Jamod-mo] buisn $0:60 AISISAIUN UIS}SaMYHON ‘SUANQ UBA PIEyoI
[0OGIBATT JO AHISIBAIU S{oIMPIEH SoUSINe | (sus-3s) uewey - 20BpNS Jo IS4 o : 00:€h
e - - (:nreyg uoissas) ainyaa Kiojonponu|
Sii2o 5060 BUBP AISINIUN 18140 YoUpaL TeYo0d JONION
uabAXQ-wniyy ul sapMS uewey 10y Pa3eIOS] 119YS si0pp3 Buiysignd Alsiwayg Jo A1a100s [eAoy
AisIaAlu uswielx "Uel] unp-buoyz uononpoud |eudjew 1/AZ 00:60 ssch
3jonsedoueu paje|osk-IIays 3|BUIS PUE S)L)SANS IABOBUI-SHIS 0} IABIE-SHIS . Joj uuiopeid e : dde sy31 e Buisn uonezuawAjod paonpui uowseld JeULIOS UOISSNISIQ JO BUIRNO
|BUORIPE.}-UOU WOy ..msﬂumao i 4Ins Jo AnesiaA buipuedxe Jayung 00:60 UopuoT bsjj0D [eLadw] ‘[op3 Enysor 99ILLIOD OUBIOS JO JIBYD ‘WeYEID UBdUNg S
d ] :
S¥3S [eonkjeuy — p uoissas SH3S 2Indajow 2|BUIS SPIEMO} PUE SABISUSSELIN - Z UOISSIS SUORINPOLU] PUE SWODIIM
19quiaydasg ;s Aepud 1snbny jsL¢ AepsinyL 1snbny ,,0¢ Aepsaupam

Chem Soc Rev

/102 SY¥3IS uo Bunssw suoissnosiq Aepele ayy Jo welboid pue sjgeyswiy ayl a1qel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd 9T:¥0'S 9202/€Z/T U0 papeo|umoq 20 SBqueed €2 Uo paus!ignd 801y sseody usdo

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/d4cs00883a

Open Access Article. Published on 23 December 2024. Downloaded on 1/23/2026 5:04:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

TERS intensity (a.u.) &

————ro
1600 3000
Raman shift (cm")

1200

C Raman exp.

View Article Online

Chem Soc Rev

Raman sim.

o(exp.)
Hi Hi _J _-'-": E—-"-\_.
H & [|Bexp)
>
to Lo D fa(sim.)
I
€
pisim)_# %,
00 05 1.0 15

Distance (nm)

Fig. 53 Representative research work on TERS to achieve ultimate sensitivity and spatial resolution. (a) Schematic of TERS of the Co(i)—tetraphenyl
porphyrin (CoTPP) molecule immobilized on Cu(100) in the LT-UHV TERS (6 K) system. (b) Spectra recorded on cobalt (1), pyrrole (2) and a phenyl group
(3) are shown. The inset is the corresponding topography (left panel). The TERS mapping of Raman modes at 1156 cm ™t and 3006 cm™ are shown (right
panel). Scale bars are 2 A. Reproduced from ref. 368 with permission. Copyright 2019 Springer Nature. (c) Measured and simulated maps for the C—H
stretching mode of the pentacene species o and B on the Ag(110) surface. Vertical and horizontal lines indicate the long and short molecular axes,
respectively (left panel). Line profiles obtained along the short molecular axis. The orange and green curves are the Gaussian fitting of the peaks.

Reproduced from ref. 370 with permission. Copyright 2021 AAAS.

day commenced with discussions on ultra-sensitive SERS,
examining how the technique’s sensitivity could be maximized.
This was followed by examples of biological SERS. Throughout
the day, a clear theme emerged: the SERS community was
perhaps underselling itself regarding the reproducibility and
quantitative nature of the technique when used in appropriate
applications—a strong view that was emphasized in the discus-
sions. On the final day, the focus was on the analytical uses of
SERS, discussing real-life examples and the impact of SERS in
various fields.

Notably, Richard Van Duyne, one of the two major pioneers
in the SERS field and a leading scientist with over four decades
of significant contributions, was honored with the Spiers
Medal, presented by Eleanor Campbell, President of the Fara-
day Division, just before his outstanding opening lecture.

5.1 TERS in the atomistic near field (ATERS)

Currently, both SERS and TERS have achieved remarkable
milestones in fundamental studies. In terms of spatial resolu-
tion, in the ambient condition, TERS has achieved spatial
resolution of 3 nm.’** Furthermore, in LT-UHV condition,
individual chemical bonds can be resolved by TERS*®%3¢%>11
and even sub-angstrom (A) level spatial resolution is
achieved.*”® This fascinating advance originates from a deep
understanding of light-matter interactions in optical cavities.

The A-scale in optical microscopy was reported in 2017 by
Apkarian, Jensen and coworkers through TERS carried out in
the atomistic near-field (ANF), ATERS for short.”***"* They used
a CO terminated tip to map out the electrostatic potential
surfaces inside individual metalloporphyrin molecules, along
with providing fully resolved images of vicinal CH bonds
separated by 2.5 A.°** The full power of ATERS was illustrated
by them in 2019 by visualizing the vibrational normal modes
within a single molecule (Fig. 53a and b)**® and by recording

1522 | Chem. Soc. Rev., 2025, 54, 1453-1551

atom resolved images of a 2D insulating Cu,N film.>'> ATERS
image of vibrational normal modes within a single Mg-por-
phine was also reported in the same year by Dong, Hou, Luo
and coworkers.>®® In a notable subsequent illustration, they
combined STM and noncontact AFM with TERS to image the
three pentacene-derivatives obtained by sequentially breaking
its individual carbon-hydrogen bonds (Fig. 53c).*”® High-
lighted in Fig. 53c is the resolved 0.89 A displacement in peak
location of the imaged CH-stretch, which is in excellent agree-
ment with their theoretical simulation. The ATERS image
resolution, as defined by the full width at half maximum of
observable features, is limited by the Wigner Seitz radius of the
terminal atom at the tip apex, demonstrably 1.6 A for atomically
terminated Ag tips.*®%737%>1

The attained resolution verifies atomic confinement of the
apex mode on atomically terminated plasmonic tips, as antici-
pated by two seminal works: Takahara had pointed out that
there is no cut-off for TM,, plasmons on nanowires of negative
dielectric,”'® and Nerkararyan and coworkers®'”'® pointed
that lateral confinement of plasmons, d, on a conical tip of
negative dielectric scales as 1/p?>, where p is the height-
dependent cone radius. Therefore, classically, there is no limit
to confinement of the photon since d — 0 as p — 0;
however, quantization of matter sets the limit to the minimum
attainable value of p to the atomic radius, as realized
experimentally.>®*7%°"> Beyond the confinement of optical
field, Luo and colleagues also showed that in non-resonance
Raman conditions, Raman images can visualize vibrational
modes owing to the accessibility of the Herzberg-Teller
contributions.>*®

Operationally, optical microscopy in the ANF is reached
using atomically terminated plasmonic tips, scanned with
sub-A precision afforded by ultrahigh vacuum cryogenic STMs.
The paradigm shift in ATERS arises in that the measurements
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are carried out at junction gaps where tip and substrate
wavefunctions overlap, as attested by the dc tunneling current
used for tip placement. This is most directly manifested
under resonance Raman conditions, where the local optical
density of states images molecular orbitals,***>*" also as shown
in Fig. 36. Notably, the TERS signal intensity peaks at
contact,”>>"® which by virtue of its lateral confinement forms
a quantum pointed contact (QPC),”** as recognized by Kumagai
and coworkers,?**>® and realized in implementations where
approach curves are extended to contact,’®® in space-time
resolved THz microscopy,”” in CARS on graphene
nanoribons.>*® This is in stark contrast with standard TERS,
or more generally, near-field scanning optical microscopy
(NSOM), which is formulated and carried out in the electro-
static near-field.”*® In the ANF, the external radiation field is
excluded from the junction, the scattering is driven by the
optical current of tunneling or conductive plasmons, reducing
ATERS to the alternating current analog of scanning tunneling
electron microscopy.**°

It should be emphasized that the novel observable in ATERS
is the intramolecular polarization current, which, at contact,
extends into the tip. In visualizing vibrational normal modes
involving unresolvable atomic displacements of order 0.1-
0.01 A, what is imaged is the nonlocal time-harmonic vibronic
polarization current associated with a given mode, which is
nicely formulated in the recently introduced Raman bond
model (RBM) by Jensen and coworkers.”>*'>** Indeed, a variety
of theoretical adaptations have been implemented to model
and interpret the advances cited in this section and to revise the
fundamental understanding of the science underlying SERS
and TERS on that basis. We should stress that with the extreme
confinement, other components in the plasmonic field, includ-
ing magnetic field>** as well as momentum distribution,’*
which are negligible in conventional optical fields, would come
into play, opening an entirely new territory for not only SERS
and TERS but also nano-optics. We refer the reader to a recent
comprehensive review for theoretical predictions in such highly
inhomogeneous optical fields.>*°

5.2 SERS on weakly adsorbed molecules and interfacial
structures

5.2.1 Probing weakly adsorbed molecules. Currently, most
SERS analytes are strong adsorbates with large Raman scatter-
ing cross-sections. Expanding detection to include weakly
adsorbed molecules is crucial for a comprehensive surface
analysis. For example, the solvent and electrolyte ions, which
play key roles in the interfacial processes, usually exhibit weak
SERS signals. Further pushing the sensitivity limits to enable
the SERS detection of those low surface coverage, dynamic,
weakly interacted molecules could significantly expand the
molecular generality of SERS in detecting various species.
Moreover, it provides new information to understand their
roles in related electro/bio-chemical processes and complete
the jigsaw puzzle of studied surfaces/interfaces.

To ensure reliable analysis of weakly adsorbed molecules by
SERS, it’s essential to exclude the effect of surfactants and
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contaminants, which is distinctly different from the strongly
adsorbed systems. Three critical aspects warrant careful
consideration during measurement protocols. First, prelimin-
ary surface cleaning through either chemical®*’*° or
physical®****! methods is essential to eliminate competitive
adsorption from surfactants (such as citrate, ascorbic, CTAB
and PVP), thereby ensuring measurement accuracy. Chemical
cleaning procedures may involve various protocols including
acid treatment or plasma cleaning, while physical methods
typically encompass thermal or mechanical approaches. Sec-
ond, comprehensive concentration titration across a broad
range is imperative to identify potential interference from
ultra-trace strongly adsorbed contaminants, which may origi-
nate from reagents used>** or plastic lab containers.’** Third,
SERS performance must demonstrate independence from
laser power to exclude the possibility of laser-induced photo-
chemical reactions during measurement, which could other-
wise compromise data integrity. These methodological
considerations are fundamental to achieving reproducible
and reliable SERS measurements for weakly adsorbed molecu-
lar species.>**>*>

Lipkowski and colleagues developed an ordered array of
~50 nm Au nanoparticles by dissolving the shell from an
assembly of silica coated SHINs and applied it to measure
SERS of sugars (weak adsorbers and weak Raman scatterers) at
Au. In this way, they avoided coalescence of Au nanoparticles
produced by the citrate method into random clusters.>*® Up to
now, various strategies have been applied to improve the
sensitivity by strengthening interfacial interactions,>*” such as
electrostatic interactions,>*® molecular steric effect,”**~>*! host-
guest recognition,’®>*** and introducing probe molecules via
biological recognition, chemical derivatization, hydrogen bond-
ing, ion-dipole interactions, and so on.>**>**

Water molecules, as special weakly adsorbed species with
hydrogen bond network interacting with electrolyte ions extending
to several water layers. It exhibits complicated interfacial structures
that are intrinsically linked to electrochemical reactions, electrical
double layer formation, and water dissociation processes. SHINERS
serves as an ideal tool for investigating interfacial water adsorption
on single-crystal surfaces. By depositing SHINs onto metal single-
crystals, NPoM configurations with significant Raman enhance-
ment can be constructed. The NPoM structure can also be excited
through the Kretschmann or Otto configuration, leveraging the
coupling between SPP and LSP.**° At the critical angle where SPP
excitation at the film/air interface occurs, the SERS intensity at the
film surface reaches its peak either with or without the coupled
nanoparticles.”® %' This configuration has been termed as the
SPR-SERS configuration.

To further enhance the sensitivity of SHINERS, precise
control over the coupling of SHINs particles is crucial. Recently,
Li and coworkers demonstrated that assembling multiple
Ag@SiO, SHINs particles on an Ag film surface can effectively
amplify the Raman signal intensity, enabling simultaneous
measurements of single-molecule fluorescence and single-
molecule Raman spectra of individual rhodamine B isothiocya-
nate (RITC) molecules.”®
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(c) Schematic of the three types of interfacial water on the Pd/Au surface. Reproduced from ref. 565 with permission. Copyright 2021 Springer Nature.

Therefore, leveraging the high sensitivity of the gap mode,
SHINERS can be utilized to investigate interfacial dynamic
processes across various single-crystal surfaces and reveal the
mechanism of important interfacial processes, especially in situ
probes of interfacial water by Raman spectroscopy. For
instance, the advent of SHINERS has revitalized Raman spectro-
scopy research on interfacial water, an area that had seen little
progress for over a decade. Cheng, Li and coworkers utilized
SHINERS to study the interfacial water on Au(111) and Au(100)
single-crystals under hydrogen evolution reaction (HER)
conditions.”®® They observed three types of interfacial water
molecules undergoing configurational changes with varying
potentials: with the negative shift of the potential, the inter-
facial water changed from a “‘parallel” configuration to “one-H-
down”, and then to ‘““two-H-down’’.

Compared to Au, platinum-group metal surfaces have gar-
nered more attention due to their extensive applications in
catalysis and energy. However, the plasmonic coupling effect
between SHINs particles and platinum group metal surfaces is
weak, leading to a reduction in the EF of SHINERS by 2-3
orders of magnitude.®® This limits the detection of trace
species on their surfaces. For example, Pd is one of the most
active HER catalytic materials, but the weak plasmonic cou-
pling between Pd and SHINs makes it extremely challenging to
study the structure of interfacial water using SHINERS. To
address this issue, Li, Pan, and coworkers deposited different
atomic layers of Pd on a Au single-crystal surface by alternately
using Cu UPD and spontaneous displacement methods. Thus,
based on the “borrowing SERS activity”’ strategy, strong plas-
monic coupling effect between the underlying Au single-crystal
and SHINSs could achieve a Raman EF as high as 107-10%. With
such a strategy, they further employed SHINERS to in situ

1524 | Chem. Soc. Rev., 2025, 54, 1453-1551

investigate the structure and dissociation of interfacial water
on a Pd single-crystal surface(Fig. 54),>®° and obtained spectral
evolutions of hydrogen-bonded and Na' hydrated water during
the hydrogen evolution reactions (HER). At HER potentials,
interfacial water undergoes dynamic structural changes, tran-
sitioning from random to ordered arrangements facilitated by
the bias potential and Na* ion cooperation. This ordered water
structure enhances electron transfer and HER rates. Electro-
Iytes and electrode surface properties influence interfacial
water structure, suggesting potential for improved electrocata-
lytic reaction rates through local cation tuning strategies.>®*

5.2.2 In situ monitoring of reaction processes and inter-
mediates. SERS can provide the fingerprint structural informa-
tion of the reaction intermediates with ultrahigh surface
sensitivity; thus, it is a promising tool for the in situ study of
the reaction mechanism and structure-activity relationship of
catalysis. However, due to the long-standing material and
morphology limitations, its application in the study o f reaction
processes on catalytically active transition metal surfaces is
highly restricted. To overcome this limitation, the ‘“borrowing
SERS activity strategy” was developed by coating ultrathin
transition metal shells on plasmonic Au cores.**Therefore,
the Au can generate strong electromagnetic field to enhance
the Raman signals of species adsorbed on the transition metal
shells, thus allowing the in situ monitoring of the reaction
processes occurring on them.

Using this strategy, Li, Dong, Wang and coworkers have
in situ studied the evolution of the intermediates and the
structure of catalysts during hydrogen oxidation reaction
(HOR) on PtRu surfaces, which is the main composition of
commercial HOR catalysts (Fig. 55a).°°® As shown in Fig. 55b-e,
Pt shells were first coated on Au cores, and Ru was then

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic illustration of in situ SERS study of HOR on Au@PtRu. (b)—-(e) Elemental mapping images of the Au@PtRu nanoparticles. (f) HOR

polarization curves of commercial 20 wt% Pt/C, Au@Pt, and Au@PtRu. Sweep rate: 10 mV s~ Rotation rate: 1600 rpm. (g) In situ SERS spectra of HOR on
Au@PtRu and (h) the deuterium isotope experimental results. Reproduced from ref. 566 with permission. Copyright 2022 American Chemical Society.

deposited on the outer surface of the Pt shell. The resulting
Au@PtRu display superior HOR performance compared to
Au@Pt and commercial Pt/C (Fig. 55f). In situ SERS reveals
Ru(+4)O, (583 cm™ ') surface oxides, and OH.q (712 cm™ ')
species appeared during the HOR process, based on the isotope
experimental results (Fig. 55¢ and h). Meanwhile, H,4 species
were also observed at lower potentials on the catalysts. The
observation of OH,q4 species indicates HOR on PtRu follows the
bifunctional mechanism. By comparing the in situ spectro-
scopic results for PtRu with those for pure Pt surfaces, they
found that the introduction of RuO, on the Pt surface can
optimize the adsorption energy of OH,q4, thus improving HOR
performance. Using the similar “borrowing SERS activity”
strategy based on Au core transition shell nanoparticles, Li
and coworkers have also investigated the reaction mechanisms
of various important catalytic reactions including HOR, oxygen
reduction reaction, CO oxidation, etc.*?%677°%°

5.2.3 From interface to interphase detection. With the
rapid advancement of electrochemical energy science and
technology over the last decade, research on electrochemical
interfaces is experiencing a significant shift from traditional
two-dimensional interfaces to intricate three-dimensional
interfaces (interphases), For example, the lithium battery
industry urgently needs to characterize and gain a deep under-
standing of such a three-dimensional solid electrolyte inter-
phase (SEI), as depicted in Fig. 56. To really solve the real
industrial problems, it is important to fully understand the
interphase representing a distinct solid phase generated from

This journal is © The Royal Society of Chemistry 2025

the interaction between the electrode and the solution.””° This
additional phase adds a layer of complexity to the traditional
electrode-solution interface, transforming it into a multifa-
ceted composition comprised of one phase and two interfaces:
solid-solid and solid-liquid. Despite offering new avenues for
exploration, the complexity of interfacial structures within
three-dimensional interfaces (interphases) poses a significant
challenge in accurately discerning the vertical orientation of
interfacial species with high spatial resolution, ranging from
angstroms to nanometers, especially under practical electro-
chemical operating conditions. This transition presents funda-
mental and practical challenges for traditional SERS or
SHINERS, which grapple with limited detection sensitivity
along the vertical axis in the face of these complexities.

One illustrative example is the spectroscopic analysis of SEI
formation on lithium-based battery anodes, which is a prime
representation of a complex three-dimensional interphase. The
SEI, formed through (electro) chemical reactions between
anodes and electrolytes, functions as both an electronic insu-
lator and Li-ionic conductor,>”" significantly impacting battery
performance.>”> However, characterizing SEIs presents signifi-
cant challenges due to their thin, nonuniform nature, complex
composition, and dynamic evolution during cycling. Addition-
ally, analyzing these reactive surfaces within organic electro-
Iytes requires precise spectroscopic measurement techniques.

To tackle this complexity, direct in situ and real-time meth-
ods with structure-specific and depth-sensitive features are
essential. These methods are crucial for tracking the dynamic

Chem. Soc. Rev., 2025, 54, 1453-1551 | 1525


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00883a

Open Access Article. Published on 23 December 2024. Downloaded on 1/23/2026 5:04:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

a 3D interphase

View Article Online

Chem Soc Rev

— > Zz-direction

@ deposited L® Liion” aniof) solvent

: SEI SElI further SEl restructuring :
1 Laser formation growth |
| Electrolyte ' ’W aman %A 9 ' N
: hotspot = Y signals o AR o) & :
)
| 7 SHINQ > g3 > > ﬁ&v}“:
! =g (== i 1
! i N ] | | | ) 1
: 1S I 1 1 1 2 S |
Lo S Cu_ .. Cu _ .. Cu Cu______ s
b W‘ecmme : c WemmMe
. 4
ogs| ! 03 |
% i Cu ! I % Cu + SHINs
12yl ! w/\‘\ N gL, 12V
100 s . 1 i
- 4 4 1~ i
3 l n)h Ao M L 08Vl 1 3 ,J\)\ J_,/\M L, 0.8 Y,
s ,Jv\ . ; ol ]kk. w/\
7 7]
§ ,}‘\ . JL o\ A« At s L. 02y| ! 2 s L, W 1]
= 1050 cu@li| | = ~1950 Cu@Li + SHINs
o i 1850
~380
M : o ALY
, ~530 ~ \
r-02v| | o N eme. e /o2y
300 600 900 1200 1500 1800 : 300 600 900 1200 1500 1800
Raman shift (cm™") h Raman shift (cm™)
1
1
Depth-fixed detection vs. Depth-sensitive detection
e QUSEl i - ! Cu-SEl Li-SE|
ORI TSI goper structurati 1 ' i i >
RSN lanerdayer L S 4H ) R ]
2 platin N, ) e plating e T Li
Cu g Cu : I(‘|| ! & (G !

ROLi, Li,;NSO,CF;, EH  LiOH, LiF, Li,S,0,, Li,0,

LigN Li,CO,

B Ui, Li,S, Li,0,

B3 1i,5,0,, LiF, LigN,
ROLi Li,N

Fig. 56 DS-PERS vertical direction sensing of the complex 3D interfacial process. (a) Schematics of DS-PERS for depth-resolved detection of SEl in Li-
based batteries. (b) and (c) Comparison of the depth-fixed strategy based on LSPs of nanostructured Cu alone and the depth-sensitive strategy based on
synergetic LSPs of integrated Cu-SHINs for in situ characterizing the formation and reconstruction of SEI. In situ Raman spectra showing the formation
and evolution of SEls on the nanostructured Cu substrate (b) and the Cu-SHINs substrates (c) in normal ether-based electrolyte. Reproduced from ref.

568 with permission. Copyright 2023 Springer Nature.

interfacial processes of the anode, guiding the rational
enhancement of SEIs in lithium-based batteries. Recently,
Mao, Cui, Tian and coworkers devised and developed a unique
in situ depth-sensitive plasmon-enhanced Raman spectroscopy
(DS-PERS) method, integrating SERS and SHINERS for real-
time characterization of SEIs of Li metal anodes.’*®*”® This
method integrated two techniques based on the ‘“borrowing
SERS activity” strategy and utilized the combined LSP effects of
nanostructured Cu, Li deposits and SHINs, as shown in Fig. 56.

The synergistic plasmonic enhancement enables depth-
sensitive detection of signals from an SEI of tens of nanometers

1526 | Chem. Soc. Rev., 2025, 54, 1453-155]

and from the Cu/SEI and Li/SEI interfaces during SEI formation at
different stages. The application of the DS-PERS method revealed
that for Li metal anodes initiating from bare Cu as the current
collector, SEIs are formed sequentially on Cu prior to Li deposition
and then on freshly deposited Li during normal galvanostatic
polarization. Notably, the primary SEI formed on Cu contains less
stable higher-oxidation-state components and undergoes restruc-
turing to finally form the SEI on Li. They also proposed that
reducing the duration time in bare Cu state facilitates the rapid
and direct formation of thinner SEI on Li enriched with more
desirable lower-oxidation-state components.

This journal is © The Royal Society of Chemistry 2025
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This advancement in understanding the formation mechan-
isms of SEIs and the significant impact of metallic Li offers
insights for optimizing operational procedures for Li anodes.
Furthermore, the DS-PERS offers a valuable approach for the
nondestructive characterization of intricate nanoscale inter-
phases and interfaces, delivering high spatial information. This
capability addresses significant challenges encountered across
various disciplines, including materials science and energy
science and technology. It is crucial to recognize that complex
three-dimensional interfacial phases like the SEI are constantly
evolving with different battery systems. The spectral informa-
tion obtained can be highly intricate, and the development of
Al-assisted SERS/SHINERS techniques have the potential to
illuminate the complexities of interfaces/interphases further.

5.3 Quantitative analysis

5.3.1 Aspects for consideration on reliable and quantita-
tive SERS. Achieving reliable and quantitative SERS is needed
for making the transition from a technique, which is domi-
nantly used in academic institutions for fundamental and
applied research, to a robust analytical technique. However,
experimental SERS results obtained by researchers in different
laboratories world-wide can differ significantly. This illustrates
the need for joint efforts to increase the comparability of inter-
laboratory comparability of SERS and potentially even to stan-
dardize it. At present, this seems to be anything but a trivial
task. Why is this so? Under the assumption that the identity of
the sample and its corresponding Raman scattering cross
section is known, any SERS measurement is essentially deter-
mined by three factors such as, (i) the number of molecules
present in the enhanced region, which is being probed, (ii) the
amplification provided by the substrate, and (iii) instrument
settings and performance. Albeit simple at first sight, these
three factors are the convolution of many confounding vari-
ables, some of which are difficult to measure. For example, the
number of molecules in the enhanced region in (ii) depends on
both the surface area within the probed volume and the surface
coverage. The latter is usually not determined by independent
methods.

A key parameter that is often overlooked is the analyte’s
surface affinity. In colloidal SERS, the analyte molecules are
frequently required to displace a surfactant or traverse a
stabilizing/capping layer that is present on the surface of the
nanoparticles. As a result, the SERS signal is highly dependent
upon the interaction affinity of the analyte with the nanoparti-
cle’s surface. Weakly adsorbing molecules will give lower SERS
intensities compared to stronger adsorbing ones. This may be
interpreted wrongly by a lower SERS EF of the plasmonic
substrate. Selecting a ‘neutral’ analyte that exhibits a poten-
tially high binding affinity, along with the capacity to displace
existing surface species or to co-adsorb, may present a viable
solution. The Table 1 in ref. 473 contains a list of potential
SERS reporter/probe molecules that are considered to be useful,
together with a short description of their respective strengths
and limitations. Briefly, 4-mercaptobenzoic acid (4-MBA),
which is deprotonated at pH 10, along with adenine, are
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recommended as standard Raman reporters due to their strong
adsorption characteristics and non-resonant behavior. Dyes
such as R6G and CV are not recommended. In the future, the
SERS community will have to decide on less-strongly adsorbing
compounds that complement this initial suggestion.

The SERS EF is a key figure of merit in factor (ii) above.
Variations in the EF can be alleviated through the incorpora-
tion of a standard whose response is affected in a manner
consistent with that of the target analyte in response to
experimental fluctuations. By using such a standard, the target
SERS signal can then be normalized to that of the internal
standard. Isotopologues are the most obvious internal stan-
dards. Alternatively, chemically similar compounds or standard
addition may be employed. Importantly, by such an appropriate
internal intensity standard, quantitative SERS analysis can be
achieved even without very highly reproducible substrates.
With respect to good analytical practice, separate calibration
and validation steps are essential. SERS-based detection
scheme without a validation step should be questioned regard-
ing its relevance to an analytical application. A significant issue
with quantitative SERS measurements is reproducibility. Gen-
erally, repeated measurements are necessary for confirming
reproducibility. Suggestions for both colloidal and solid SERS
substrates are available.*”?

Overall, three aspects may be recommended:*”* (a) to char-
acterize the solid or colloidal SERS substrate through the
integration of correlative electron microscopy, optical micro-
scopy, and spectroscopy techniques; (b) to evaluate the SERS
EF, incorporating appropriate Raman reporter or probe mole-
cules; and (c) to implement stringent analytical practices
throughout the research process. Nevertheless, we are just at
the beginning and a substantial collaborative effort towards
SERS metrology is needed until, in the hopefully not-too-distant
future, we may call SERS a truly robust and quantitative tool for
molecular sciences.

5.3.2 Quenched enhancement factor by charge transfer.
Beyond the electromagnetic enhancement arising from hot
spots, the chemical enhancement processes are also indispen-
sable for quantitative evaluation of EF and molecular concen-
tration in SERS. In fact, the SERS process involves intricately a
trinity of interactions among nanostructures, molecules, and
light, in which molecular polarizability plays a pivotal role that
bridges the electromagnetic enhancement and chemical
enhancement via the reaction field mechanism.””* Neglecting
the chemical enhancement effects induced by the molecule-
surface interactions, such as CT and resonance enhancement,
which alter the spectral features of molecules, would render
accurate quantification unattainable.

In 2023, Dong and coworkers utilized the LT-UHV-TERS
system to investigate such chemical effects through TERS of a
single planar ZnPc molecule with varying but controlled contact
environments.’”> The TERS signals obtained from zinc phtha-
locyanine (ZnPc) that was chemisorbed in a flat orientation
onto the metal substrates exhibited significant quenching. This
phenomenon can be attributed to the screening effect of
Raman polarizability, which arises from dynamic CT at the

Chem. Soc. Rev,, 2025, 54,1453-1551 | 1527
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Fig. 57 Quenching of TERS signals induced by the face contact with a metal substrate. (a) Quenched TERS signals acquired from ZnPc adsorbed on
Ag(100) without tip—molecule contact (black curve), in sharp contrast to the dramatically enhanced TERS spectrum measured on a NaCl-decoupled
ZnPc with tip—molecule contact (red curve). (b) Waterfall plot for TERS spectra from ZnPc/Ag(100) as a function of tip displacements showing dramatic
spectral changes upon the tip—molecule contact. (c) Upper panel: Schematic illustrating the electromagnetic (left) and chemical (right) quenching
mechanisms for ZnPc flatly lying on Ag(100). Lower panel: Schematic illustrating the mechanism of TERS enhancement caused by the tip—molecule point
contact. Figures are reproduced from ref. 575 with permission. Copyright 2023 Wiley.

interface, as illustrated in Fig. 57. However, the quenched
Raman signals can be “rescued” and enhanced in the tip-
molecule point contact configuration. These results suggest
that the so-called chemically enhanced Raman signals, typically
attributed to CT effects, in fact, is the result of a combination of
chemical (CT) and physical (electromagnetic field) effects,
rather than solely chemical in origin. Additionally, the com-
monly considered resonance CT enhancement mechanism may
be challenging to achieve in many systems, and the enhance-
ment effect may still arise from the influence of ground-state
chemical interactions on the Raman polarizability and its
orientation. Thus, a comprehensive understanding and con-
sideration of both electromagnetic and chemical enhancement
mechanisms are crucial for realizing precise quantitative ana-
lysis in SERS.

5.3.3 Digital-SERS for quantitative analysis of molecular
concentrations. Digital-SERS is an alternative strategy towards
quantitative analysis, which derives from the well-established
digital analysis in biomedical research.’’® Both the temporal
and spatial variations in SERS intensities increase as the
concentration of analytes decreases, posing challenges for trace
quantification by SERS. Below a certain concentration thresh-
old, those variations become even more pronounced with
several events (either time or spatial measurement), failing to
produce detectable SERS signals, while other events exhibiting
SERS intensities far exceeding the average. Digital counting
offers a potential solution to overcome these limits, as long as

1528 | Chem. Soc. Rev,, 2025, 54, 1453-1551

“positive” signal events are generated by a small number of
entities (e.g., single molecule or single particle). The key to
digital analysis is the binary readout: “1” for positive and “0”
for negative, respectively. By constraining the number of targets
in the measured space to either zero (‘“0”’) or a single molecule
(or particle) (“1”), the target concentration can be quantified by
calculating the ratio of number of positive to the overall
number of positive and negative readouts. For digital SERS,
the rational ratio of targets to SERS substrates (whether in solid
or colloid states)®”” is critical to ensure accurate detection of
single molecules, considering that both low and high ratio can
affect the quantification distribution according to the Poisson
distribution law.

In 2018, Brolo and coworkers demonstrated the concept of
digital analysis in SERS measurements by combing SM-SERS
and a bi-analyte strategy, as shown in Fig. 58, realizing a LOQ at
pM level for enrofloxacin and ciprofloxacin.’”® Later, Trau,
Wuethrich, Lobb and coworkers extended digital SERS to
biomedical research and achieved the attomolar level sensitiv-
ity by utilizing a pillar array SERS substrate to hold the single
cytokine and single-particle active SERS nanotags for cytokine
identification and counting.’”®

Recently, Ye and coworkers further advanced digital SERS to
femtomolar-level sensitivity with improved reproducibility for
various molecules by using colloidal SERS substrate and lever-
aging advanced data analysis.>”” Shortly, Li, Xu and their
colleagues reported a statistical route to SM-SERS quantitation

This journal is © The Royal Society of Chemistry 2025
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by gauging SERS probability.>®° The rise of statistical quantita-
tive spectroscopy by digital counting, that is, gauging SERS
probability rather than traditional intensity, would bring a new
quantitation tool for ultra-sensitive SERS detection and
analysis.

The digital SERS approach can also be applied in immu-
noassays based on SERS probes.’®" Moreover, instead of using
only the peak intensity from a single peak in the spectrum to
count “0” and “1”, Schultz and coworkers considered the
overall contribution of the whole spectral information by
introducing multivariate curve resolution with an established
score threshold.”®” Note that in digital-SERS, the deviation of
quantitative analysis is quite large when expanding the lower
limit of the SERS linear range to its lowest physical limit,
although this error can be minimized by increasing the number
of counts.”®

5.4 Development of SERS methods in bio research

The high sensitivity and unique fingerprint information
provided by SERS justify its lively applications in

This journal is © The Royal Society of Chemistry 2025

bioanalysis.>'*19%:301:>83-386 gERS in bio research can be tracked
back as early as 1980, when Cotton et al. reported the SERRS
from cytochrome ¢ and myoglobin adsorbed on a silver
electrode.'® Following the nano-driven SERS starting in mid-
1990s, an upsurge of bio-related SERS researches started in
about mid-2000s, and the number of related publications is ca.
a quarter of total SERS publications in recent five years. The
bio-related applications of SERS primarily focus on hierarchical
levels of samples, including biomolecules, biofluids, living
cells, and living organisms.>*"*%”

It is noteworthy that in the adaptation process to bio-related
targets/environments, SERS has been evolving in both SERS
substrates and combining various contemporary techniques
such as microdevices and microfluidics,’®® 3D printing,*”*
machine learning®®’ to strengthen its power in bio-related
detections. In particular, the increasing integration of SERS
into point-of-care testing (POCT) allows for real-time analysis of
on-site samples by SERS.”**°°° This progress has been facili-
tated by advancement in portable Raman spectrometers and
microdevices such as lateral flow assay (LFA) strips and
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microfluidic channels.’®®

All these advancements have signifi-
cantly contributed to the steady progress of SERS toward precise
clinical diagnostics and high-throughput omics research.

5.4.1 Direct bioanalytical SERS detection. Direct (label-
free) detection presents the most unique advantage of bio-
SERS with the spectral information reflecting the conformation
of investigated biological systems directly.>**>** However,
diverse biochemical properties of different biomolecules, such
as metabolites, proteins, and DNA, pose different challenges
for the direct SERS detection in the early time. For instance,
glucose, features small cross sections and low affinity to metal
surface.’®* Van Duyne and his colleagues developed a series of
self-assemble Ag layer on nanoparticle for partitioning
glucose.>>>°” In 2011, they demonstrated in vivo glucose
sensing with the aid of surface enhanced spatially offset Raman
spectroscopy, which is feasible to continuous monitoring up to
17 days.”®®

Unlike carbohydrates, proteins bare relatively large cross
section; however, they suffer from complex composition and
adsorption configuration, leading to broad and irreproducible
spectra. Moreover, except proteins with cofactors, most pro-
teins still require higher concentration to achieve detectable
signal, necessitating purification from biological fluids to avoid
dominance by concentrated and strongly adsorbing species. To
address these issues, Ozaki, Zhao and colleagues conducted
systematic tests,***®°® and proposed a technique called “Wes-
tern SERS,” which replaces the standard silver staining step
with silver colloid staining.’®' This approach allows colloids to
adsorb to the protein blots and enables subsequent SERS
analysis of the separated proteins. To improve reproducibility,
Ren group reported a method by utilizing Ag NPs with iodide
monolayers to eliminate protein denaturation for more repro-
ducible label-free SERS detection.®®® It is found that iodide’s
strong adsorption interactions with metal surfaces improved
SERS signal reproducibility by preventing structural changes in
proteins upon adsorption. Based on this substrate, Yang and
colleagues further proposed dynamic SERS to form controllable
hotspot taking advantage of solvent evaporation and nanoca-
pillary pumping,>®®> which has shown promise for dynamic
detection of native proteins.®

Regarding nucleic acids detection, Bell group obtained the
SERS spectra for all the DNA/RNA mononucleotides with Ag
NPs.>*> However, DNA detection faces similar problems as that
of proteins, which leads to bad spectral reproducibility. In this
context, Halas group developed a series of methods to achieve
stable conformations and improve reproducibility.>*"*** Addi-
tionally, surface modification plays a crucial role; for instance,
Abell and colleagues utilized mercaptohexanol molecules as
spacers to protect the substrate and enhance hybridization,®*
while Graham and colleagues introduced spermine to facilitate
DNA adhesion and trigger aggregation in colloidal solutions.®%®
Thereafter, the strategies have been substantially expanded as
summarized by a comprehensive review by Guerrini, Alvarez-
Puebla and colleagues.®®”

The constitution of living organisms, particularly living
cells, can be directly analyzed as well. By detecting SERS spectra
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of pathogens or intracellular species, identifying, classifying
cells, and monitoring molecular evolution can be achieved. For
instance, Popp and colleagues applied SERS-based microfluidic
techniques into bacterial strain identification, enabling high
spectral acquisition throughput and high reproducibility.®°®
Moreover, Ziegler group introduced statistical methods and
optimized the procedures for monitoring evolution of different
cells.®°*1* Additionally, SERS-active solid substrates such as
nanopipette, have been recently developed for precisely detect-
ing and monitoring of cellular responses in real time.®*?

To date, these methods have expanded the application of
SERS in bioanalysis from the quantitative and qualitative
detection of biomolecules to the analysis of cells, paving the
way for new applications in structural biology and metabolo-
mics of living cells and organisms.’*"***"1¢ Moreover, recent
advancements have demonstrated its application to the discov-
ery of novel communication mechanisms between cancer
cells®”” and the immune system.®'® Nevertheless, the applica-
tion of direct detection is limited, owing to both the intrinsi-
cally low sensitivity of some biomolecules and the complex
spectral information involving the entire biological system.
This challenge is further compounded when attempting to
measure local pH and the temperature inside a cell. Recent
developments in this direction have shown that 3D cell models
can be constructed by means of 3D printing, allowing not only
to replicate the cellular environment but also to incorporate
plasmonic nanoparticles as SERS substrates.’! In a represen-
tative example, Liz-Marzan and colleagues have developed a
microfluidic chip that allows evaluation of drug efficacy by
monitoring drug diffusion by SERS in correlation with cell
death (see Fig. 59).5"°

To acquire better analyte SERS signals requires well-
designed substrates, in this regard, Nam and coworkers synthe-
sized an Au-Ag bimetallic nanosnowman structure with a
nanocrevice at the junction between Au and Ag.®>*®?! Aniso-
tropic growth of Ag bodies on an Au core was achieved by
tuning salt concentration to hinder Ag nucleation. Another
method for selective nucleation was based on the intrinsic
morphological characteristics of core particles. Because ligand
packing density is lower at regions of higher curvature, deposi-
tion is facilitated at, for example, nanorod tips and nanocube
corners. On nanorods, this principle was used to synthesize Au
dual-gap nanodumbbells (AuDGNs), with dumbbell-like head
structures grown on both tips (Fig. 60a and b).°**> Open nano-
gaps were present between the core and dumbbell shell, as well
as between the dumbbells. Similarly, corner-specific growth on
Au nanocubes generated open cross-gap (OXNCs) with eight
nanocubes grown onto the central cube (Fig. 60d and €).°** The
AuDGN was capable of label-free discrimination of DNA bases
(Fig. 60c), while the OXNC could detect the molecular finger-
print Raman spectra of various proteins (Fig. 60f).

5.4.2 Indirect bioanalytical SERS detection using labels.
The primary challenge of direct SERS detection lies in the
complexity of the resulting spectra to be analyzed and the
intrinsically weak signals of certain target molecules (no inher-
ent molecules for physical properties), which can be easily

This journal is © The Royal Society of Chemistry 2025
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(a) SEM image of a 3D printed hydrogel-AuNR nanocomposite scaffold. (b) A set-up integrating a nanocomposite scaffold with a tumor cell

environment (Matrigel) and a reservoir for drug delivery (right). (c) Methylene blue diffusion patterns along the scaffold containing Matrigel and cancer
cells. (d) Confocal fluorescence microscopy evaluation of cell death before (right) and 2 hours after (left) methylene blue injection. Adapted with

permission from ref. 619. Copyright 2021 American Chemical Society.

overwhelmed by irrelevant substances. In this regard, indirect
(labeled) detection strategies provide an alternative but power-
ful way for qualitatively and quantitatively monitor physico-
chemical change in the biological systems investigated.
Typically, SERS active nanoparticles can be labeled by mole-
cules with large Raman cross section, i.e. SERS reporter, and
targeting ligands. Although indirect detection loses the finger-
print information from molecules of interest, the multifunc-
tional SERS reporters possess high sensitivity, specificity, and
selectivity. For instance, when the SERS reporter is sensitive to
environmental pH, this strategy can be applied to monitor pH
changes between the inner and outer parts of living cells.®**
Immunoassay is of special interest in biomedical diagnos-
tics due to its superior specificity. Great efforts have been
devoted to combine immunoassay with indirect SERS detec-
tion. In 1989, the binding between biomolecules with mutual
affinity, including antigen-antibody interactions, was mea-
sured by SERRS on a roughened silver film.®*> With advances
in nanoscience, SERS-based immunoassays on Au NPs were
reported by Porter and colleagues in 1999.>*° They immobilized
antibodies onto Au substrates to capture target antigens, form-
ing sandwich immunocomplexes, and then introduced SERS

This journal is © The Royal Society of Chemistry 2025

nanotags labeled with detection antibodies and SERS reporter.
The further introduction of immunogold labeling demon-
strated ultrasensitive SERS detection for prostate-specific anti-
gen, achieving detection limits down to the femtomolar
level.**>°*® Subsequently, SERS-based immunoassays have
rapidly developed, driven by diverse newly prepared substrate
materials and SERS reporters, thus enabling multiplex detec-
tion. Its platform encompasses a range of options, including
microfluidic chips, paper devices, and optical fibers with
various combinations of solid substrates and liquid phases,
enabling the analysis of various biological species as well as
cells.®”’

On the other hand, the growing demand for high-
throughput, multiplex SERS-based bioassays underscores the
importance of integrating various microdevices. In 2005, Choo
and colleagues developed a SERS-based microfluidic channel
capable of detecting two types of dye-labeled DNA
nucleotides.®®® They effectively mixed two types of dye-labeled
sex-determining Y genes with Ag nanoparticles within a micro-
fluidic channel shape similar to an alligator tooth, adsorbed
the target genes onto particle surfaces, and then measured the
SERS signals. The result, showed that these genes could be
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Fig. 60 (a) Schematic of AUDGNs with controllable gap sizes. (b) HAADF-STEM image of AuDGN showing both inter and intra-head gaps. (c) SERS
spectra of the four nucleobases. Pink, green, blue, and orange lines indicate fingerprint SERS peaks of adenine (A), cytosine (C), guanine (G), and thymine
(T), respectively. The concentrations of A, C, G, and T are 0.01, 0.01, 0.01, and 0.1 mM, respectively. The black line indicates the SERS spectrum of the
mixture containing four nucleobases witha 1:2:1:2 (A: C: G:T) ratio. Reproduced from ref. 622 with permission. Copyright 2023 Wiley. (d) Schematic of
OXNCs. (e) HAADF-STEM image of OXNCs with a gap size of 5.6 nm approximately. The inset shows a magnified image of the structure. The scale bars
indicate 100 nm. (f) SERS spectra of hemin mixed with the OXNC with 2.6 nm gaps, myoglobin with the OXNC with 5.6 nm gaps, and hemoglobin mixed
with the OXNC with 5.6 nm gaps. Panel (d)-(f) are reproduced from ref. 623 with permission, copyright 2024 American Chemical Society.

detected with high sensitivity at concentrations as low as 107" M. SERS based LFA strip.®>® They used three glass-coated SERS
In 2007, Freeman and colleagues introduced a concept of nanotags on an LFA strip to form sandwich immunocomplexes
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Fig. 61 SERS-based immunoassays using SERS-LFA: (a) schematic illustration of the structure of SERS-LFA strip. SERS mapping images were acquired
using a peak intensity at 1615 cm™~? for nine different target concentrations ranging from 0.1 pg mL™* to 1000 ng mL~%. For each concentration, images
were taken with a resolution of 80 x 20 pixels (1 pixel = 10 um x 10 um). The color bar at the bottom indicates changes in Raman peak intensity. (b)
Average Raman spectra of 1600-pixel points from the SERS mapping zones. Figures are adapted from ref. 632 with permission. Copyright 2016 Royal
Society of Chemistry.
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19, then using partial least squares discriminant analysis (PLS-DA) to classify SERS spectra based on their COVID-19 infection status. Figures are adapted

from ref. 633 with permission. Copyright 2022 American Chemical Society.

and measured their Raman signal intensities, demonstrating
the ability to distinguish three different viruses simultaneously.
Since the publication of this paper, various SERS-based LFA
strips capable of diagnosing different diseases on-site have
been developed. In 2008, Sha and colleagues introduced the
idea of labeling circulating tumor cells in whole blood with
SERS nanotags on their surface biomarker proteins, then fixing
and separating these cells using magnetic beads to quantita-
tively analyze their SERS signal.®*® After years of development,
numerous strategies have been proposed based on the proper-
ties of the analytes, enabling high-throughput separation and
SERS detection.”®®

Despite these advancements, challenges remain in ensuring
the reproducibility of SERS enhancement levels for accurate

quantitative analysis of target biomarkers. Variations primarily
stem from difficulties in controlling particle aggregation and
achieving uniform distribution of analytes on the substrate
surface.®®' To address these reproducibility issues, methods
such as Raman mapping for LFA strips and average ensemble
measurements for microfluidic sensors have been introduced
in SERS-based POCT microdevices.*®® Choo and colleagues
proposed a method to enhance reproducibility by using Raman
mapping for accurate quantitative analysis of target antigens at
the test and control lines of the LFA strip.®** Fig. 61 presents a
schematic illustration of the LFA strip’s structure. As the
sample containing target antigens and SERS nanotags flowed
toward the absorption pad and reached the test line, the
antigens were captured by antibodies immobilized on the test

Table 5 A summary of application fields of SERS in recent years

Field Content Method & strategy Materials Reviews
Surface & Electrochemistry Adsorption, reaction pro-  Electrochemical roughening, Noble (Au, Ag, Cu) & transition  Ref.
interface Catalysis cess and interfacial chemical & physical bottom-up or metals (Pt, Pd, Ru, Rh etc.), 26,32,216,217,269,
Energy structure top-down synthesis & assembly  semiconductors (quantum dots, 496,634,635
Materials graphene and MOF etc.)
Life sci- Life science &  Biomarker, DNA, protein, = Chemical & physical bottom-up Metals (Au, Ag, Cu, Pt, Rh, Pd, Ru, Ref.
ence & clinic cell, microorganism, drug  or top-down synthesis & assem- Fe, Zn, Al, Li, etc.), semi- 31,501,586,589,590,
medicine delivery, therapeutic drug  bly, flexible support (paper, conductors (0D) (quantum dots), 607,627,636-638
monitoring, enzyme membrane, tap, cotton); label- 2D (graphene, MXene, hexagonal
catalysis. . . free & labeled method (electro-  boron nitride, graphitic carbon
Trace Environmental Pollutants in ecosystem (air, static modification, host-guest  nitride, transition metal dichal- Ref. 639-643
analysis monitoring water and soil) recognition molecular steric cogenide, black phosphorus etc.)
Food safety Illegal additive, pesticide, effect, biological recognition, and 3D (MOF, COF, etc.), multi-
heavy metal ions, bacteria, chemical derivatization, stable =~ component (mixture, alloy, core-
micro-/nano-plastics isotope probing, etc.); lab-on-chip shell, heterojunction, etc.)
Forensics Natural and synthesized (mill-/micro-/nano-fluidic
poisons, bacteria control)
Public security Abused/illicit drugs, explo-
sive, bacterial
Others  Art and Natural and artificial dyes Ref. 644,645
archaeology
Aerospace Biosignatures (e.g., car-

otenoids, chlorophyll, oxa-
lates), astronaut health
monitoring, hazardous con-
taminants in airborne

This journal is © The Royal Society of Chemistry 2025
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line, forming sandwich immunocomplexes. To minimize errors
caused by spot-to-spot fluctuations brought by the non-uniform
distribution of SERS nanotags on the test line, SERS mapping
was applied to different target concentrations. The average
Raman spectra of the 1600-pixel points enabled precise quanti-
tative analysis of the target antigen in the SERS-LFA system to
improve the reproducibility of SERS-LFA strips.

Recently, the integration of machine learning (ML) with
SERS has become a game-changer in solving complex real life
sample problems. ML algorithms overcome the limitations of
manual spectra analysis, enabling quick and accurate interpre-
tation of the data. Critically, ML tools can elucidate subtle
signal variances and establish prediction models to rapidly
classify and quantify target analytes accurately, especially for
multiplexed analytes in complex matrices. For example, Ling
and coworkers used PLS-DA to differentiate breath samples of
COVID-19 patients from healthy individuals in a case-control
study.®*® An array of SERS platforms, each functionalized with
different molecular receptors, was used to capture and detect
different volatile organic compounds in breath samples
(Fig. 62). The PLS-DA model achieved a classification sensitivity
of 96.2% and specificity of 99.9% for both asymptomatic and
symptomatic COVID-19 patients.

To date, practical and reliable bioanalytical SERS have been
achievable. However, caution is still warranted regarding SERS bio-
detection, owing to the complicated nano-bio-interactions, ie.
chemical and physical interactions between nanomaterials and
biological systems, especially in the presence of laser illuminations.
These factors also pose significant challenges for spectral analysis
and interpretation. As advancements in nanotechnology and
machine learning continue to evolve, the future of SERS holds
immense potential for even more sophisticated and accessible
biosensing solutions, paving the way for next-generation diagnostic
tools and comprehensive omics analysis.

Due to space constraints, we are unable to provide an
exhaustive review of SERS applications across various fields.
Instead, we have compiled a selection of recently published
review articles in Table 5 to offer a comprehensive overview of
diverse applications of SERS, including surface and interfacial
detection, life sciences and medicine, trace analysis and
beyond. Readers seeking in-depth discussions on specific SERS
applications are encouraged to consult these references for
detailed insights into the current state of research and emer-
ging trends in the respective areas.

6. Summary and inspirations from the
SERS history

The corresponding author of this review was extremely fortu-
nate to enter this field as a PhD student of Fleischmann and to
have the opportunity to get to know all the pioneers well
starting from 1983. This privileged perspective allowed a deep
understanding of how the ‘genetic makeup’ of SERS was
shaped by Fleischmann and Van Duyne. These major pioneers
together formed the foundation of SERS, turning what seemed
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impossible into reality and establishing the methodological
roots and richness of the field.

We meticulously present the history of the discovery of SERS
and its foundational era from a methodological standpoint,
weaving together the memorial notes of the pioneers them-
selves, like stringing sparkling pearls into a necklace infused
with their scientific spirit and creative methods. We aim to
provide a more precise and comprehensive picture, particularly
highlighting those who made significant contributions in the
first two decades but might be less known to younger
generations.

Although there have been over 800 review articles on SERS,
our main goal of recounting this long and intricate scientific
journey from different perspectives is to raise a fundamental
question: What can we learn from the discovery and advance-
ment of SERS for future scientific explorations? We aim to
extract the invaluable spirit behind the serendipitous discovery
and arduous journey of SERS and distill deep insights and
creativity from the pioneers into ten key inspirations, which
could serve as treasures for younger generations.

6.1 Collective contribution in opening a new scientific field

Opening a new scientific field, such as the full discovery of the
SERS effect, is contributed collectively by several pioneering
groups during the intricate early stages of SERS. It constitutes
four elementary pieces: The first experimental observation of
abnormally intense Raman signals from pyridine adsorbed on a
roughened Ag electrode. The first recognition of the huge 10°-
10° surface enhancement factor. The initial proposal of the
surface plasmon mechanism. The naming of SERS. These
contributions laid the groundwork for the field and exemplify
how collaborative efforts and multiple discoveries can synergis-
tically establish a new area of scientific research.

6.2 Challenge to conventional wisdom and transforming the
impossible into reality

The story of discovering SERS as the first phase of its 50-year
history has been incredibly inspiring and encouraging for
younger generations. In the mid-1970s, it was widely believed,
based on established textbooks, that Raman spectroscopy could
not be a tool for surface analysis. The pioneers, filled with
strong curiosity, courageous challenges to impossibilities or
authority, expert cross-border cooperation, and perseverance in
seeking truth despite negative feedback, proved otherwise. This
spirit extended to making other milestones, such as single-
molecule SERS, TERS beyond the diffraction limitation, SHI-
NERS for non-SERS active substrates. It demonstrates the
power of challenging conventional wisdom and transforming
what was once considered impossible into reality.

6.3 Learning from the premature and discovery of SERS

It is especially interesting to reflect on the entire journey
of SERS, which prematurely emerged about two decades
ahead of its time. Without the bold challenges to conventional
wisdom posed by its pioneers, the serendipitous discovery
of this phenomenon might not have occurred in the mid-1970s.

This journal is © The Royal Society of Chemistry 2025
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This research would have been much easier to initiate in the mid-
1990s, during the boom of nanoscience, as SERS is fundamentally a
branch of nanoscience, with its sensitivity and spectral character-
istics critically dependent on nanostructures.

Accordingly, it becomes much clearer why SERS faced
significant challenges and underwent a difficult and
complex journey before the mid-1990s. However, this also
underscores SERS as one of the oldest branches of plasmon-
enhanced spectroscopy, plasmonics, and even the broader field
of nanoscience. The first chapter of the SERS story is thus
unique and inspiring compared to many other scientific fields.
Therefore, all the pioneers and trailblazers who collectively
established the foundation of SERS in those early decades
deserve our utmost respect and should serve as a source of
learning.

6.4 Entering a new field as early as possible

Most of the fundamental concepts and strategies for developing
SERS and its relevant subbranches were established between
1974 and 1985. These include the first SERS in roughened
electrodes and colloid sols, the first “borrowing SERS activity”
strategy, the first dimer as the 'hot spot’ concept, and the initial
concept of TERS. These pioneering works and far-reaching
ideas were recognized and validated only after several decades.
In fact, based on the keywords 'SERS’ and ’surface-enhanced
Raman’ in the Web of Science database, only about 860 papers
were published during those ten years, while approximately
80000 papers have been published up to now (September
2024). This clearly indicates the significant role played by the
pioneers and trailblazers who laid the foundation of SERS. This
scenario is common in different fields of science and demon-
strates the essence of creativity and pioneering work. It is
therefore crucial for anyone to be sensitive to opportunities
and enter newly emerging fields as early as possible.

6.5 Significant discoveries are often accompanied by initial
incorrect explanations

The phenomenon of great discoveries accompanied by incor-
rect theories occurs quite often in the history of science because
groundbreaking discoveries push the boundaries of what is
considered possible, often relying on new mechanisms that
extend beyond existing knowledge. As a result, initial explana-
tions based on prior understanding frequently fall short, lead-
ing to controversies, and some experimental results may not be
reproducible by other groups. However, the scientific commu-
nity should be more tolerant and open to unconventional views,
focusing on scientific discussion and arguments rather than
negative or harsh criticism. This openness is essential for
healthfully opening a new field, laying groundwork, and mak-
ing advancements smoothly.

6.6 Perseverant searching in times of low tide may lead to
triumph

In the second phase (mid-1980s to mid-1990s) of SERS, the
wave of excitement was tempered by the realization that the
enhancement heavily relied on fine structures (the term “nano”
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was not yet in use at that time) consisting of specific free-
electron metals like Au, Ag, Cu, and Li with poorly character-
ized and uncontrollable morphologies. The mainstream con-
sidered the Achilles’ heel of SERS to be its lack of versatility and
applicability, which significantly impeded enthusiasm for
SERS. Many groups had to leave this field mainly due to a
shortage of funding support, while some groups continued to
make efforts to break through the seemingly impossible bar-
riers. It is therefore important for anyone not to easily give up
in a new and promising field (such as one with extremely high
detection sensitivity) even when there are many negative views
and uncertainties. Perseverant searching can eventually lead to
breakthroughs and significant advancements, although nobody
can predict when they will occur. The story of SERS is a
testament to the importance of persistence and dedication in
scientific research because luck is what happens when prepara-
tion meets opportunity.

6.7 Proactively embracing and adopting new science and
technology

The huge upsurge of SERS from the mid-1990s was accompa-
nied by and driven by the newly established and rapidly
developing fields of nanoscience and nanotechnology. This
provided an unprecedented opportunity and marked a new
era of nano-driven SERS because the SERS effect is one of the
phenomena that can truly be described as nanoscience. The
SERS activity depends critically on the size, shape, inter-particle
space, and optical properties of material nanostructures with
tunable extinction, local field enhancement, and excited car-
riers. With the broad advancement of synthesis, fabrication,
and characterization methods for nanomaterials, structural
features of SERS-active substrates evolved from discrete size
distributions (electrochemically roughened surfaces) to mono-
disperse nanostructures (nanoparticle-based SERS) and singu-
lar nanotips (TERS), from irregular agglomeration (colloid-
based SERS) to controlled dimers or multimers (SM-SERS),
and from naked surfaces to core-shell nanoparticles (SHI-
NERS). Recent progress in TERS introduced the highest spatial
resolution to the angstrom level, while SHINERS enabled the
characterization on various single-crystal surfaces of materials.
These advancements allowed for structurally well-defined and
rationally designed nanostructures, fostering a deeper under-
standing of the SERS mechanism.

In fact, throughout the entire trajectory of SERS, proactively
embracing newly emerging science and technology has been
the key to opening new fields and setting milestones. For
instance, Raman spectroscopy embraced laser technology in
the 1960s, and SERS leveraged nanoscience for rapid and
significant enhancements in various aspects in the 1990s. It
now appears to be the right time for nano-driven SERS to fully
embrace Al science and technology in the 2020s.

6.8 High level and high-quality interdisciplinary collaboration

Given that transformative scientific revolutions may occur
about once every half-century, a small number of people can
encounter them during the height of their research careers.
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However, throughout several decades of research, there are still
opportunities for breakthroughs in their fields. These require
pushing beyond current knowledge boundaries and engaging
in interdisciplinary collaboration. Only high-level expert cross-
disciplinary collaborations with brainstorming and rational
designing can make these breakthroughs successful. Examples
include combining electrochemistry with Raman spectroscopy,
plasmonics with surface spectroscopy, SERS with scanning
probe microscopy, and AI with analytical techniques.

It may be necessary to note that nowadays the entry thresh-
old to the SERS field is quite low compared to the very high
thresholds for TERS and SHINERS. The synthesis of metal
nanoparticles has become so easy and routine that many
researchers from different fields widely use SERS-active parti-
cles for measurements and publications. Consequently, the
high quantity of publications shown in Fig. 17 may not always
signify high-quality collaboration or the prosperity of the field.
Accordingly, for anyone looking to break developmental bottle-
necks in their chosen direction, carefully building their own
capabilities and seeking expert collaborators across different
disciplines is crucial.

6.9 Comprehensive methodology is the key driver for major
advancements

The methodology is always essential for discovery and advan-
cing milestones, a theme prevalent throughout this review. The
integration of experimental, theoretical, and instrumental
methods is vital for addressing complex challenges and achiev-
ing breakthroughs. Nearly a century ago, the discovery of the
Raman effect stemmed from what appeared to be a simple, yet
meticulously and systematically designed experimental appa-
ratus. Similarly, at the heart of the SERS field is the continuous
push to enhance detection sensitivity, evolving from its origins
50 years ago to the latest cutting-edge advancements. This
evolution includes the development and design of specialized
or entirely new instruments tailored to meet the needs of
innovative experiments and to validate emerging theoretical
models. These innovations span the full spectrum of instru-
mental optimization—from macroscopic devices for optical
excitation and collection to the microscopic design of
plasmon-enhanced nanostructures, as well as instrument-
driven data processing software. A prime example is the inven-
tion of TERS, where the design and custom construction of
scientific instruments played a pivotal role. Thus, the compre-
hensive and seamless integration of experiment, theory, and
instrumentation into a unified methodological approach is not
only essential but often decisive for achieving breakthroughs.

6.10 Boldly venture out of the comfort zone of your familiar
research to tackle more complex challenges

From the broadest perspective, spanning from basic upstream
research to market downstream for everyday use by the public,
it is regrettable to observe that the transition of SERS into a
widely commercially viable technique has been surprisingly
sluggish in comparison with the fundamental breakthroughs
over the past decades. The reasons for this unexpectedly slow
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progress may encompass both surface-level issues and deeper
underlying factors. Because SERS offers numerous advantages
over other optical spectroscopies, researchers often achieve
results easily, publish and cite them, and thus remain
within their comfort zones without tackling more complex
and challenging issues. The deeper-level challenge is the
intrinsic instability of nanostructured hot-spots at the 1 to 3
nanometer scale because SERS is scientifically characterized by
a tripartite interaction involving nanostructures, photons, and
molecules, making the hot-spots even more unstable. There-
fore, the high and mixed demands of long-term durability,
measurement reproducibility, product batch consistency, and
wide viability of commercial SERS technique remain largely
unresolved.

In fact, this is a grand challenge not only for SERS but also
for other nanotechnologies in expediting their transition to
commercially viable technologies. However, imagine what pio-
neers in the SERS field could achieve. They would seize the
upcoming Al era as a grand opportunity to spark another
revolution. Al-assisted nanostructure guidance and pre-
trained AI models can quantitatively establish complex high-
dimensional correlations between SERS substrate manufactur-
ing parameters, morphology, and spectral responses. This
approach offers the prospect of designing novel SERS nano-
structures and devices that have not been explored, addressing
the trade-off between sensitivity and stability. Moreover, the
consistency of SERS nanostructures can also be dramatically
improved by utilizing Al-guided automated manufacturing and
measurement systematically. Due to the length limitations of
this review, the future AI-Nano-Driven SERS will be presented in
detail elsewhere.®*®

Overall, we hope that all these inspirations encapsulate
the essence of the SERS journey and its pioneers, serving as
guiding principles for future scientific endeavors as each gen-
eration faces grand challenges and emerging opportunities.
Looking forward, we foresee that the ongoing emergence
of new technologies, such as advancements in nano-
technology over the past 30 years and recent breakthroughs
in AI technology, will drive serendipitous discoveries and new
applications. These innovations are likely to provide fresh and
powerful momentum for the pivotal new phase of SERS devel-
opment, ensuring its continued prosperity in the coming half-
century.

Author contributions

This historical perspective serves as the inaugural paper in the
themed collection for Chemical Society Reviews, celebrating the
50th anniversary of SERS, co-edited by Duncan Graham
and Zhong-Qun Tian. The writing process occurred in two
phases: the structure and main content were first compiled
by members of Tian group and collaborators at Xiamen Uni-
versity, while significant enrichment, particularly in Sec. 4 and
5, was collectively contributed by authors from various active
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Data availability

The data of the number of publications in Fig. 17 was searched
through publicly available data from the core database of Web
of Science. The keywords used for SERS include ‘Surface-
enhanced Raman”, “SERS”, ‘“Surface-enhanced Resonant
Raman” and “SERRS”. The keyword used for nano is “Nano”.
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