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Surface-enhanced Raman spectroscopy (SERS) is a
vibrational spectroscopy technique that enables specific identi- '
fication of target analytes with sensitivity down to the single- Laser Laser Pulce 4D
molecule level by harnessing metal nanoparticles and nanostruc- b
tures. Excitation of localized surface plasmon resonance of a (((0 m“ il
nanostructured surface and the associated huge local electric field < Vibr'a‘tional
enhancement lie at the heart of SERS, and things will become oD <, L R
better if strong chemical enhancement is also available simulta-
neously. Thus, the precise control of surface characteristics of “< ) 35
enhancing substrates plays a key role in broadening the scope of OOUUUUUUO g omm
SERS for scientific purposes and developing SERS into a routine
analytical tool. In this review, the development of SERS substrates Substrate
is outlined with some milestones in the nearly half-century history
of SERS. In particular, these substrates are classified into zero-dimensional, one-dimensional, two-dimensional, and three-
dimensional substrates according to their geometric dimension. We show that, in each category of SERS substrates, design upon the
geometric and composite configuration can be made to achieve an optimized enhancement factor for the Raman signal. We also
show that the temporal dimension can be incorporated into SERS by applying femtosecond pulse laser technology, so that the SERS
technique can be used not only to identify the chemical structure of molecules but also to uncover the ultrafast dynamics of
molecular structural changes. By adopting SERS substrates with the power of four-dimensional spatiotemporal control and design,
the ultimate goal of probing the single-molecule chemical structural changes in the femtosecond time scale, watching the chemical
reactions in four dimensions, and visualizing the elementary reaction steps in chemistry might be realized in the near future.
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spatiotemporal resolution

the Raman scattering is still very low in intensity. The Raman
cross section of a single molecule is in the range of 107* to

Raman effect is named after C. V. Raman, who discovered “a b, s p 0 "
107 ecm*sr™.,® which is approximately 10% 10', and 10

new type of light scattering”, representing the effect of

fluctuations of atoms or molecules from their normal state.' times smaller than those for infrared, Rayleigh, and
The incident photons interact with atoms or molecules, and fluorescence processes, respectively.” The low intensity greatly
they are absorbed and subsequently emitted via the assistance limited the application scope of Raman spectroscopy until the
of virtual electron states. Most photons are elastically scattered discovery of surface-enhanced Raman spectroscopy (SERS) in
(Rayleigh scattering), while a small fraction of the scattered 1974."° The Raman intensity of pyridine molecules is
photons gains or loses energy, leading to a shift of photon significantly enhanced when the molecules are adsorbed on
frequency (Raman scattering). Rayleigh and Raman scattering the surface of a roughened silver (Ag) electrode consisting of a

are schematically shown in Figure 1a. The differences in energy
are determined by the energy of the different vibrational and
rotational states of molecules (Figure 1b). Therefore, Raman
scattering reflects the chemical composition and structure
information on materials by measuring the Raman shift
spectra, which represents a chemical fingerprint of the
substance. Raman spectroscopy provides a nondestructive
analytic method and has been widely applied in surface
science,”’ life science,”® environmental science,”” and so on.

The breakthrough in laser technology provides an intense
monochromatic light source for Raman spectroscopy; even so,

large amount of Ag nanostructures. Both experiments'' and
theoretical work'” have suggested that SERS could enable the
increase of Raman intensity by ~10° The phenomenon has
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Figure 1. (a) Scheme of Raman and Rayleigh scattering of light by a molecule located between two metallic nanoparticles involving a hot spot. (b)
Jablonski diagram representing the quantum energy transitions for Raman and Rayleigh scattering of a molecule. Schematic diagrams illustrating
(c) surface plasmon polaritons at the surface of metal thin film and (d) localized surface plasmon resonance at metal nanoparticles.

been reasonably explained, and the concept of SERS has been
proposed and has rapidly prospered since then.

SERS is considered to be a coincidence of several related
effects produced generally by two mechanisms.'”> The
electromagnetic mechanism (EM) is assigned to the surface
plasmon resonances (SPRs), whereas the chemical mechanism
(CM), which is still not well-understood, is attributed to the
charge transfer resonances (CTRs). An early work shows that
the overall enhancement factor (EF) of Raman radiation is up
to a huge level of 10" in the platform of colloidal Ag
nanoparticle aggregation, enabling the detection of single
molecules,"” although Le Ru et al. ° demonstrated that SERS
EFs as low as 107 are sufficient for the observation of single-
molecule SERS signals. The nanogap between two adjacent Ag
nanoparticles plays the key role in forming a prominent EM
hot spot, where the EF of EM reaches a very high level (ie.,
10'°—10"), many orders of magnitude larger than the EF of
CM, which is at the modest level of 10—100. By contrast, a
most recent work demonstrates that the EF of CM reaches
~10° on the surface of porous carbon nanowires,'® but
unfortunately, the EF of EM is negligibly small. State-of-the-art
plasmonic materials, which are coinage metals with nanoscale
features, are widely used as substrates for SERS analysis, where
EM plays the major role in the enhancement of Raman
radiation.'”"*

Performing a SERS experiment requires a careful choice of
enhancing substrate due to the strong dependence of EFs on
the interaction between analyte molecules and the nano-
structured surface of substrates. SERS occurs preferentially at
the interstices or sharp features of materials at micro/
nanometer scales (Figure 2). In the early days of SERS,
enhancing substrates are randomly roughened coinage metals
fabricated by physical vapor deposition, electrochemical
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roughening, or chemical etching.'” Although the tunability of
film thickness, morphology of metal islands, or separation of
nanostructures has allowed variations of SERS signals to be
detectable, a reliable platform for highly sensitive, stable, and
reproducible outputs are still being sought, with emphasis on
the quantitative optimization of SERS active sites.””~>* The
advances in nanoscience and nanofabrication have significantly
reinvigorated the understanding and applications of SERS due
to better-defined substrates at nanometer scales.”> SERS
substrates range in structures from zero-dimensional (oD)
nanoparticles to one-dimensional (1D) nanowires or three-
dimensional (3D) nanopillar arrays, with tunable SPRs, and
range in compositions from coinage metals to nonmetallic two-
dimensional (2D) materials (e.g., graphene and MXene), with
tunable CTRs (Figure 2). The abilities to control the shape,
orientation, arrangement of nanostructures, and surface
compositions have reduced the inherent complexities of trace
detection by SERS. The dimensionally well-defined nanostruc-
tures have paved the way for optimizing the amount of SERS
active sites combined with the greatest EF for each site,
establishing SERS as a robust and effective analytical technique
for sensitive and selective detections of chemical substances.
This work reviews the dimensional design of enhancing
substrates for SERS. It will not cover all publications in this
field but will try to outline the development of SERS substrates
in the nearly half-century history. In particular, we have
categorized these SERS substrates into 0D, 1D, 2D, and 3D
substrates according to their geometric dimension. We will
show that, in each category of SERS substrates, design upon
the geometric and composite configuration can be made to
achieve an optimized EF of the Raman signal. We also show
that the temporal dimension can be incorporated into SERS by
applying femtosecond pulse laser technology, so that the SERS
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Figure 2. Schemes of several typical SERS substrates: one-dimensional (a) nanocube dimer, (b) nanoparticle trimer, and (c) spiked nanosphere;
one-dimensional (d) nanowires and (e) nanogaps; two-dimensional (f) graphene and (g) MXene; Three-dimensional (h) nanopillar array and (i)

nanocone array.

can be used not only to identify the chemical structure of
molecules but also to uncover the ultrafast dynamics of the
structural change of molecules. We will discuss this so-called
four-dimensional (4D) SERS technology and the perspective
for probing the structural changes of a single molecule in the
femtosecond time scale, watching the chemical reactions in
four dimensions, and visualizing the elementary reaction steps
in chemistry. We expect that the improvement of SERS in the
spatiotemporal resolution will significantly advance the under-
standing of some fundamental questions and extend SERS as a
versatile technique for ultrafast analytical applications.

In section 2, we introduce briefly the fundamentals of SERS.
In sections 3—6, SERS substrates ranging in structures from
0D to 3D are discussed. In section 7, we summarize the
progress of Raman spectroscopy with high spatial and temporal
resolution and suggest the 4D design for SERS in time and
space domains. In the last part, we summarize the dimensional
design for SERS and give a perspective on the roadmap of
approaching the ultimate goal for SERS.

2. PRINCIPLE OF PLASMON-ENHANCED RAMAN
SCATTERING

Theoretical, numerical, and experimental efforts on finding the
light—matter interaction enhancement have indicated that
SERS enhancement relies strongly on the optical resonance
properties of nanostructures preferably made from coinage
metal, such as Ag and gold (Au).”* There are mainly two
classes of excitation, which are identified as surface plasmon

554

polaritons (SPPs) at a metal—dielectric interface (Figure lc)
and localized surface plasmon resonance (LSPR) on the
surface of metal nanoparticles (Figure 1d). SPR provides
significantly enhanced optical electric fields in the vicinity of
metallic nanostructures and increases the absorption and
emission cross sections of analyte molecules. Figure 2 shows
several typical geometric configurations of well-designed
metallic nanostructures consisting of nanogaps. The nanogap
is also known as a hot spot, which is capable of enhancing the
incident light to a highly intense local electric field via LSPR
and near-field scattering processes. In addition, a hot spot
enhances the Raman radiation from the near-field to the far-
field via some physical processes, such as resonance scattering
or an optical antenna effect. The EF of Raman radiation, which

is derived from the classical Raman scattering model, is given
by24

IE(r,, )
IEO(rO: w)lz

_ I(wg) _ Ig(reos o) wR)lz

gln) = = :

Ivac(wR) |g0(rool "o, wR)l (1)

where g(r,r,z) is the total Green function, consisting of the

free space Green function go(re,re®z), and the scattering

Green function gg(re,"0,®g)

g(fw 10s wR) = go(foo; o wR) + gs(roo: Tos wR) (2)

The Green functions describe basically the efficiency of

radiation of a dipole. In principle, they are second rank
tensors but are treated as scalars for simplicity

https://doi.org/10.1021/acsmaterialsau.2c00005
ACS Mater. Au 2022, 2, 552—-575


https://pubs.acs.org/doi/10.1021/acsmaterialsau.2c00005?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.2c00005?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.2c00005?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.2c00005?fig=fig2&ref=pdf
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.2c00005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

e

1D Substrates

3D Substrates

R / 2D Substrates l

\ Jamm \ ™
—

8 @)

Particles

Shape-Controlled
Nanoparticles

Size-dependent SERS

Single-Molecule SERS

Colloidal Aggregates for
SERS

Sol Particles for SERS

Nanoskived Metal Gaps

“Beads on a String”
Graphene-Encapsulated Nanowires

[ SHINERS M Metal Particles on CNTs
Ag Nanowires for SERS

Molecular Sieve Template
MOF Template

Core-Satellite Structure

TERS

Figure 3. Some milestones in the development of SERS substrates made in the past nearly half-century history of SERS, including 0D
nanoparticles, 1D nanowires, 2D metallic and nonmetallic thin films, and 3D nanostructure arrays. The advances of SERS substrates have

significantly broadened the application scope of SERS.

g(r) = gE(w) X gR(wR) ®3)
where gz(@) and gz(wyg) are the EFs in the Raman excitation
and radiation processes, respectively, for a molecule located at
the site r;. @ is the angular frequency of incident light, and wy
is the Stokes, or anti-Stokes, frequency of Raman radiation. In
fact, the excitation and radiation enhancement are closely
related and are almost equal to each other. The difference
between wy and o is relatively small. As a result, we can
simplify the eq 1 to get

E(r,, wg)P

IEg(roer @)
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The EF of Raman radiation is approximately equal to the
fourth power of the local electric field enhancement ratio.

On the basis of the classical model, Zhang et al.”® established
a new Raman scattering theory, in which the collective and
cooperative actions of Rayleigh and Raman scattering of
molecules are taken into account. When a molecule locates
near a hot spot, the EF follows the equation

_ By o) o
g(ro) = |E0(r0, w)|4 4 (0; )

©)
where g*(ro,®) is an amendment factor. This amendment
factor involves the contributions of Rayleigh scattering by
molecules and the self-interaction caused by the multiple
scattering by nanostructures and molecules. For the tip-
enhanced Raman spectroscopy (TERS) system, the amend-
ment factor is also available. The movement of a molecule at a
hot spot generates a simultaneous change of the local electric
field, leading to the change of Raman signal. The new Raman
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scattering theory can explain the ultrahigh spatial resolution
(about 1 nm) of TERS. Hitherto, the complete principles of
Raman enhancement have not yet been established, requiring
further investigations to cover all qualitative and quantitative
details.

Since the enormous enhancement of the spectroscopic
signature of a single molecule was demonstrated on the surface
of aggregated Au nanoparticles,'* the detection limit of SERS
has been pushed downward to the single-molecule level. In
experiments, there are still two major problems with SERS.
One is that analyte molecules can only obtain a strong Raman
scattering when they are absorbed on the surface of coinage
metals and some alkali metals. Other metals have not yet been
identified as active substrates for SERS. The other problem is
that only roughened metal surfaces are active for SERS. The
size and morphology, in addition to the surface composition, of
nanostructures play significant roles in the EF of Raman
radiation. Thus, many efforts have been made to synthesize
SERS active nanostructures with controlled size, shape, and
curvature. The regions with a high curvature exhibit the well-
known “lightning rod effect”, where a strong SERS signal can
be achieved via the electric field enhancement. Anisotropic
nanoparticles, such as nanocages,26 nanocubes,”” and nano-
polyhedron,”® are demonstrated as highly active SERS
substrates. The modification of nanostructure morphology
via postsynthesis, rather than the direct synthesis of complex
nanoparticles, has been investigated for SERS substrates with a
high density of hot spots.zg’30 Additionally, multidimensional
SERS substrates have been extensively developed in order to
obtain regular nanogaps for desired plasmonic coupling and
local electric field enhancement. Self-assembled nanoparticle
arrays, especially at liquid/liquid or liquid/air interfaces, have
interstices with tunable density and width, which are suggested
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as robust and reproducible platforms for the detection of
multianalytes.”’

In addition to the geometric design of SERS substrates, it is
interesting to further incorporate some time-resolved techni-
ques into the ordinary SERS, leading to the development of the
so-called spatiotemporal SERS technology, where ultrafast
pulse laser technology with an adjustable wavelength works
collectively with the surface plasmon enhancement of weak
Raman optical signal technology.*” > Femtosecond time-
resolved Raman spectroscopy has become an effective method
to obtain high-resolution vibrational spectra with molecular
vibrational lifetimes on the order of nanoseconds or pico-
seconds. This method provides an amazingly powerful route
for probing the chemical structure and dynamic state of
molecular vibration and rotation at the level of atomic motion.
This relatively new Raman spectroscopy has been effectively
used to study the intermolecular vibration of liquids,®”**
collective and alienating movement in proteins,39’40 and solid
phonon modes."'

Figure 3 summarizes a timeline of some important
developments of SERS techniques from the aspect of
dimensional design in the past half century. SERS substrates
can be made from OD nanoparticles, 1D nanowires, 2D
metallic thin films, nonmetallic 2D materials, or 3D
nanostructure arrays. A large number of studies have focused
on the regulation of composition and morphology, the
concentration of hot spots, and surface chemical modification
to improve the performance of SERS substrates. The sensitivity
of SERS has been increased for the detection of a single
molecule. On the other hand, researchers focus on Raman
imaging via the technology of TERS and continually push
down the spatial resolution to the nanometer level.”>**~*
Another frontier of Raman spectroscopy is actively explored by
incorporating ultrafast pulse lasers to excite and probe the
structural changes of a molecule with a temporal resolution
down to nanosecond, picosecond, and femtosecond time
scales. These topics and technologies will be briefly introduced
and discussed in the following sections, with a hope to harness
and evaluate rich experiences and lessons made and
accumulated in the past and find a pathway to push up the
ultimate limit of Raman spectroscopy to an unprecedented
level in terms of intensity, spatial, temporal, or spectral
resolution, either separately or collectively.

The OD SERS substrates discussed in this work refer
particularly to the functional nanoparticles or nanocrystals
with a size less than 100 nm in all three dimensions. Since the
first report of Au and Ag sol particles as SERS substrates in
1979 by Creighton et al.,*” nanoparticles made from coinage
metals or their alloys have been intensively investigated for
SERS, which have high sensitivity and reliability. In the early
stages of 0D SERS substrates, sol particles prepared by a wet
chemical synthesis are supposed to be roughly spherical with a
large size distribution.”” The particle size is estimated using the
Mie’s extinction data of metal sols, and it is determined that
the primary and aggregated Au particles have a radii of <30 and
>90 nm, respectively. The first well-defined 0D SERS
substrates are described by Natan and co-workers.*® The
self-assembly of monodisperse Au and Ag colloid particles has
tunable particle size and interparticle spacing, making the
control of EF available.”” The sophisticated control of particle
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size and shape, interparticle spacing, or even the surface
composition of 0D SERS substrates has greatly enhanced both
the fundamental understanding and practical applications of
SERS.

The isolated spherical particle model is the simplest one for
the SPR simulation, and its EF has been theoretically
calculated."”*” The theoretical study of EFs for small metal
particles by Schatz and co-workers predicts that the excitation
wavelength associated with the peak field enhancement
depends on the particle size, and the relationship is roughly
linear for large-size particles.”’ Nie and co-workers used
spatially isolated Ag colloidal nanoparticles with a narrow size
distribution for SERS and successfully observed an approx-
imately linear relationship, agreeing well with the theoretical
calculations.”> For isolated spherical Au nanoparticles, the
maximum excitation wavelength and EF depend on the particle
size, and interestingly, the maximum EF is obtained with Au
nanoparticles in the size range from 60 to 70 nm.**** The
model of SPR at an isolated spherical particle is successful to
some extent, including the prediction of the size-dependent
property for SERS, but the calculated EF from this model is
smaller than 10°, which hardly agrees with most experimental
SERS data.”® Thus, the numerical analysis of SERS from an
isolated particle model is quantitatively not sufficient. Many
studies suggest that the electromagnetic coupling of neighbor-
ing particles should be taken into account for the 10°—10*
extra EFs.>%%’

The morphology control of nanoparticles via solution-based
chemical processes has paved the way for the investigation of
shape-dependent EFs. The morphologies of nanoparticles can
be controlled by adjusting the temperature, pH, or reactant
concentration, by adding complementary surfactants, or by
exposing nanoparticles to various external stimuli including

light, heat, and magnetic field.>>? Nanoparticles with various
,61

. 60

well-defined morphologies, such as nanorods, nano-
62,63 - 64,65 66,67

cubes, nanoprisms, nanospheres, and nano-
68,69

stars, have been successfully synthesized via solution
routes. Since monometallic nanoparticles with a sharp edge
or angle can intensify the electric field in the vicinity of the
high curvature regions, an extra SERS enhancement is
theoretically derived and assumed to be due to the “lightning
rod effect”,’" and this effect is experimentally observed on
coinage metal nanorods and nanocubes.”'”’ Kedia and
Kumar®® adjusted the basicity of synthetic precursors to
reshape the morphology of Au nanoparticles from hyper-
branched nanostars to nanospheroids. In transition, the two
strong LSPR peaks for the Au nanostars merge into a broad
singular one, successfully correlating the SERS signal to the
nanostructures of substrates.

Since the prominent high-yield synthesis of Ag nanocubes
was innovated by Sun and Xia,”* the properties of single-crystal
metallic nanocubes have been intensively investigated due to
their structural specificities including atomically flat facets and
orthogonal facets and edges. As a model substrate, nanocubes
facilitate the understanding of structure- or geometry-depend-
ent EFs. For an individual nanocube, a larger EF is recorded
when the nanocube is oriented with a face diagonal axis rather
than its edge, parallel to the illuminating laser polarization.”
Ag nanocube dimers with different geometric configurations
enable the adjustment of hot spots located at the junctions
between two or more closely adjacent Ag particles.””® The EF
on the order of 107 is achieved from the dimers displaying a
face-to-face or edge-to-face configuration, which is 1 order of
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bond when the isocyanide group binds to Ag or M atoms. (c) Time-dependent SERS spectra of 2,6-dimethylphenyl isocyanide recorded from an
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angle annular dark-field scanning TEM images of a sample obtained by reacting the 39 nm Ag nanocubes. Adapted from ref 80. Copyright 2017

American Chemical Society.

magnitude higher than that from dimers with an edge-to-edge
configuration. Hence, the relative orientation of nanocubes,
which correlates to the number of probe molecules enclosed in
the hot spot region, is a key factor for EF.”®

Bimetallic nanoparticles are of interest to SERS applications
due to the additional tunability as compared to their
monometallic counterparts. The configurations of bimetallic
nanoparticles are commonly bulk and surface alloys and core—
shell structures. The alloyed nanoparticles consist of both
metal atoms on the surface, so that the SERS enhancement
depends on the initial composition of the alloyed nano-
particles,””””® as well as on the evolution of the elemental ratio
on the surface.”” Zhang et al. deposited Pt atoms selectively at
the edges of Ag nanocubes and then at the corners and on the
facets via diffusion (Figure 4a). Isocyanide-based molecules
function as ultrasensitive probes for the in situ characterization
of the growth of Pt on Ag nanocubes, as the N—C stretching
frequency for adsorbed isocyanide groups on Ag is different
than that on Pt (Figure 4b). The SERS of molecular probes on
bimetallic nanoparticles is capable of elucidating the
mechanistic details involved in the seeded overgrowth of a
catalytically significant metal, such as Pt, Pd, Ir, Rh, and Ru, on
the surface of Ag or Au nanocrystal seeds (Figure 4c—e).** The
core—shell bimetallic nanoparticles, on the other hand,
represent a structure in which one metal termed as the core
is completely surrounded by another metal termed as the shell.
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Tian and co-workers®' deposited several atomic layers of a Pt
group metal on a highly SERS active Au nanoparticle and
utilized the core—shell bimetallic nanoparticles to detect the
SERS of adsorbed water on Pt or Pd. The core—shell
nanoparticles have the chemical properties of the shell but
show a high electromagnetic enhancement of the Au core. This
strategy has advanced the study of Raman radiation of some
molecules (e.g., water) with a low Raman cross section, which
were practically impossible in the past.

A metallic nanoparticle core with a nonmetallic shell forms
another type of 0D SERS substrates with a core—shell
configuration. The relevant technique develops into a big
branch of SERS, which is called shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS).*” The plasmonic
nanoparticles for SHINERS are completely covered by a shell
of nonplasmonic materials. The chemically inert shell protects
the plasmonic core from contamination or aggregation but
does not significantly damp the surface electromagnetic
enhancement.”” Tian and co-workers®” demonstrated the
first SHINERS experiment using Au nanoparticles coated
with an ultrathin silica or alumina shell (Figure Sa,b). The
core—shell nanoparticles are directly deposited onto the
surface under study and induce a large local electric field
enhancement. Nanoparticles for SHINERS avoid the direct
contact of the plasmonic nanoparticles with the analyte surface,
which is very important for analyzing biological samples, as
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some plasmonic nanoparticles have potential risks to change materials. Some other materials, such as gelatin,”” carbon,**~"!
the structure of biomolecules via interactions. In addition to and organic polymers,”” are used for the same purpose. A very
Au cores, Ag and Au@Ag84_86 plasmonic cores are used for recent work from Tian’s group” demonstrates the graphene-
SHINERS, and in some cases, the Ag-based cores are more coated Au nanoparticles for SHINERS (Figure Sc). The
efficient for SERS enhancement. The ultrathin protective shells thickness of the graphene shell can be precisely controlled in
are generally oxides with high chemical resistance, such as the chemical vapor deposition (Figure 5d,e). The graphene-
silica, titania, or zirconia,™ but they are not limited to these coated Au nanoparticles have extremely high stabilities in
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solutions with pH values from 1 to 13 and at temperatures
from ambient up to 300 °C.

One-dimensional SERS substrates represent materials with the
size in two dimensions less than 100 nm and much larger in
the third dimension, such as nanowires, nanorods, nanobelts,
and nanotubes. The development of 1D SERS substrates is
driven by the controlled and reproducible formation of
interstitial spaces between metallic nanostructures, as hot
spots, which are present within the interstitial spaces, have
been claimed to provide extraordinary SERS enhancements of
around 14 orders of magnitude.'””* Several 1D model
structures, including single nanowires,” nanoparticle—nano-
wire junctions,% nanowire dimers,”” and nanowire bundles,”®
are used for SERS. Moskovits and co-workers” fabricated flat
arrays of aligned Ag nanowires by electrodepositing Ag in the
nanopores of highly ordered anodic aluminum oxide (AAO)
templates and measured the SERS signal from Rhodamine 6G
(R6G) molecules adsorbed onto the completely released Ag
nanowires. The giant SERS effect with single-molecule
detection is obtained within the gaps between two parallel
nanowires when the polarization of the optical electric field is
perpendicular to the longitudinal axis of nanowires. They also
develop a partial etching process, allowing the exposure of the
topmost Ag nanowires from AAO templates. Analyte
molecules are adsorbed within the nanogaps created by
collapsing nanowire tips, and the detection sensitivity benefits
from the high electric field existing in those hot spots.”® This
strategy creates hot spots in the interstices between adjacent
nanowire dimers, which is in effect comparable to the scheme
of nanoparticle dimers. Its counterpart is to generate dense hot
spots on a single 1D substrate. Gunawidjaja et al.'”’ decorated
Ag nanowires with Au nanoparticles to form a bimetallic
hierarchical structure. Chen et al.'”' modified the surface of Ag
nanowires with Ag nanoparticles. Goh et al.’’ generated “beads
on a string” features of 1D Ag nanowires using anisotropic
chemical etching. These methods overcome the limitations of
SERS hot spots located at the tips or in the interstices of 1D
Ag nanowire arrays and increased the SERS hot spots across
the longitudinal axis of nanowires. Meanwhile, the polar-
ization-independent SERS signals are significantly enhanced.
The size and spacing of plasmonic nanostructures deposited on
the nanowires provide additional parameters to tune the
maximum excitation wavelength and EF. Carbon nanotubes
(CNTs) are the most representative 1D materials with a large
specific surface area. The decoration of CNTs with plasmonic
nanoparticles forms 1D SERS substrates with a high density of
hot spots.'”*~'* The composites of Ag or Au nanoparticles
and CNTs have reported detection limits from 107 to 1072
mol-L™" (Figure 6a—c).'”

It is possible to fabricate 1D SERS substrates directly on a
solid substrate via a top-down approach using lithography or
template techniques.'”® Zhou et al.'”° demonstrated a scalable
nanofabrication approach based on nanoskiving to create a
series of 1D millimeter-long nanogaps with tunable sub-10 nm
gap widths (Figure 6d—f). These model structures have
successfully linked the simulated electric field distributions in
nanogaps and experimentally recorded SERS signals. The
nanogap with a gap width of 5 nm is optimum for obtaining
the strongest plasmonic coupling, and its EF is 250 times
greater than that of an individual Au nanowire. The
nanoskiving technique can be extended to fabricate 2D
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nanogap arrays and 3D nanogap grids, providing a series of
SERS substrates for systematic investigation of the dependence
of SERS enhancements on the gap widths, crossing points, and
electric field polarizations.

Two-dimensional SERS substrates have one dimension in the
nanometer scale, including metallic thin films, ultrathin
metallic structures, and emerging 2D materials, such as
graphene, hexagonal boron nitride (h-BN), transition metal
dichalcogenides (TMD), MXene, and black phosphorus.

Flat coinage metal thin films are not typical SERS active
substrates, but the ones containing nanogaps demonstrate
highly intense hot spots. Weimer and co-workers®”'"”
deposited Ag and Au islands on glass substrates under precise
control, and they were able to adjust the SERS wavelengths
throughout the visible and even into the near-infrared regions
of the spectrum. Au@SiO, core—shell nanoparticles for
SHINERS® are spread over the probed surface to form a
monolayer, conforming to different contours of substrates. The
fabrication of a large-area 2D metallic nanoparticle monolayer
is achieved through the oil—water interfacial self-assembly of
charged colloidal nanoparticles, which provides large void areas
and nanogaps without the assistance of molecular ligands.'*®
Au nanoparticle monolayers with sub-1 nm gaps are fabricated
for SERS with maximum EFs on the order of 10"}, and their
stretchable version supported on a poly(dimethylsiloxane)
substrate retains similar SERS intensities in the state of
stretching or relaxation. Lin et al.'”” constructed layer-by-layer
assemblies of Ag nanocubes and observed a gradually
enhanced SERS intensity with the increase of the number of
layers from 1 to 4.

Nanosphere lithography (NSL) is an inexpensive, inherently
parallel, high-throughput nanofabrication technique capable of
producing a large variety of nanoparticles and well-ordered 2D
nanoparticle arrays with height in the range of several tens of
nanometers. The process involves drop-coating a polymer
nanosphere to self-assemble into a close-packed hexagonal
array and then using this array as a mask for the deposition of
various metallic nanostructures.''’ A multitude of nano-
structural motifs, including nanoparticles, nanotriangles,
nanorings, nanogaps, and nanoparticle chains, have been
constructed using NSL."'%7""® These model structures have
advanced the understanding of the dependence of LSPR on
material, size, shape, interparticle spacing, and other important
factors. Some conclusions are still considered as the “golden
rules” for the design of SERS substrates.

Electron beam lithography (EBL) is used to fabricate
ultrathin metallic structures supported on flat substrates, which
is proposed to be superior to SERS applications."'* The
metallic structures shaped by EBL are mainly periodic arrays of
some patterns. Kahl et al.'" introduce EBL as a new method
to achieve a regularly structured SERS surface formed of Ag
nanoparticles. Two different methods have been presented in
this framework, the lift-off approach and the etching method.
In the lift-off process, a Ag layer is evaporated on the
structured resist, and the resist is removed afterward, leaving
regular fields of Ag nanoparticles. The etching method, in
contrast, constructs Ag gratings or crossed gratings onto a
silicon wafer by reactive ion etching and Ag evaporation.
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Figure 7. (a) SEM images of Au nanodiscs (top), triangular dots (middle), and split rings (bottom) and their corresponding electric field
distributions simulated at the frequency equivalent to the Raman excitation wavelength of 532 nm. (b) SERS spectra of R6G on the array of Au
nanodisc array with the period of 160—300 nm (top) and the spectrum of R6G on the array of Au split rings. (c) SEM images of bowtie (top),
Fractal-1 (middle), and Fractal-2 (bottom) structures and their corresponding electric field distributions at the Stokes shifted wavelength of 895
nm. (d) SERS measurement results for the three structures. Panels (ab) were adapted with permission from ref 117. Copyright 2012 IOP
Publishing Ltd. Panels (c,d) were adapted with permission from ref 120. Copyright 2014 The Optical Society.

Beermann et al.''® constructed rectangular 50 nm high
nanoparticles of different sizes on the surface of a smooth
Au film and arranged them both individually (ie., placed
sufficiently far apart) and in 740 nm period arrays. Linear
reflection spectra and high-resolution Raman images obtained
from arrays of nanoparticles are compared, revealing good
correspondence in the spectral dependences of reflection and
local SERS enhancements. Yue et al.''” fabricated nano-
structured Au substrates with precisely controlled geometries
and arrangements. The geometries of nanostructures fabricated
by the lift-off process include nanogratings (60 nm line width),
nanodiscs (110 nm diameter), triangular dots (100 nm edge
length), and split rings (160 nm cell size and 20 nm arm
width). The geometries of nanostructures fabricated with EBL
combined with plasma etching include rhombus nanoholes
(100 nm edge length), circular nanoholes (200 nm diameter),
nanogrids, and split rings (Figure 7a). The enhancement of the
Raman signal depends significantly on the geometry and
arrangement of Au nanostructures (Figure 7b). The EFs on
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nanogratings are almost 1 order of magnitude higher than
those on other nanostructures. In addition, the SERS
enhancement on the nanostructures fabricated with the lift-
off process is higher than that on the same nanostructures
fabricated with the plasma etching. EBL is also used to
fabricate more complex patterns, such as coupled Au rings,''®
bowties,"'” and fractal bowties."”® The fractal plasmonic
structures are advantageous to a controlled broadband spectral
response.’”" The experimental work and numerical simulation
done by Cakmakyapan et al.'** show that the response of the
fractal bowtie antennas goes to longer wavelengths after each
fractalization step, and the fractal geometry provides multiple
hot spots on the surface, which can be used efliciently for
SERS (Figure 7c,d).

The active innovations in 2D materials in the last two decades
have significantly expanded and extended the family of SERS
substrates. Graphene is commonly recognized as the first
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“modern” 2D material, with a thickness of a single or a few
atomic layers.'”> The SERS of probe molecules on the surface
of graphene is first reported by Ling et al.'** The EF depends
strongly on the distance between chemical groups and
graphene'”* and the number of graphene layers,'* indicating
the importance of a CM for Raman enhancement. The
combination of graphene and metallic heterogeneous nano-
structures is an effective strategy to improve the SERS activity
of graphene and, in some cases, can be harnessed to overcome
the disadvantages of heterogeneous SERS substrates. After the
discovery of SERS on graphene, 2D layered materials that
exhibit a flat surface, but without dangling bonds, have
generated a great amount interest for fundamental and
practical applications of SERS. Seo et al.'*® demonstrated a
graphene/rhenium oxide sulfide (ReO,S)) vertical hetero-
structure as an ultrasensitive SERS platform. The enhanced
electron transfer and exciton resonances improve the Raman
detection limit to the level of 107> mol/L (Figure 8a—c).
Molybdenum disulfide (MoS,) is a typical 2D TMD,
consisting of a Mo monolayer sandwiched between two S
layers. Ling et al.'>” observed that the copper phthalocyanine
molecule enhances the higher-frequency phonon modes on
MoS,, although the enhancement is much weaker than those
on graphene and h-BN. The SERS signal on MoS, can be
improved by more than 1 order of magnitude when surface
defects are introduced via plasma treatment (Figure 8d,e)."** It
is suggested that the defects create local dipoles, which
enhance the charge transfer between probe molecules and
MoS,. The underlying factor for the chemical enhancement is,
in some measure, the electron transition probability rate, which
depends on the density of electronic states. The phase
transition of MoS, from the semiconducting 2H-phase (with
trigonal-prismatic coordination) to the metallic 1 T-phase (with
octahedral structure) facilitates electron transfer from the
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Fermi level of MoS, to the highest occupied molecular orbital
of the probe molecules and increases the SERS signal as a
result.””” In addition to MoS,, SERS has been reported on
some other 2D TMDs, such as WSZ,130 Nsz,131 MoSe2,129
WSe,,'”*> MoTe,, and WTe,."*> The tunable electronic
structures of TMDs via the atomic arrangement and
composition variation provide abundant models to understand
the fundamentals of chemical enhancement.

MXene is a young family of 2D materials, which was first
reported in 2011 by Gogotsi and co-workers.'** Tt represents
the transition metal carbides, carbonitrides, or nitrides with the
general formula of M, X, T, (n = 1, 2, or 3), where M is an
early transition metal, X is carbon and/or nitrogen, and T
refers to the surface termination, such as OH, O, or F groups.
MXene exhibits unique electronic and optical properties,
including metallic conductivity and plasmon resonance in the
visible and near-infrared range. Titanium carbide MXene
(Ti;C,T,) can be used to detect several dyes with calculated
EFs up to 10° (Figure 8fg)."*> Titanium nitride Mxene
(Ti,NT,), which is drop-casted on paper, silicon, and glass-
based substrates, enables the single-molecule detection of R6G
at the 532 nm excitation wavelength. 136

The state-of-the-art nonmetallic 2D materials shed new light
on the practical applications of SERS due to their specific
advantages. They have atomically layered structures with a
high specific surface area. Their mechanical, chemical, and
thermal stability are comparable to or higher than those of
metallic substrates. For most of the isolated nonmetallic 2D
SERS substrates, the chemical enhancement, which originates
from the charge transfer between target molecules and the
substrate, plays a significant role in SERS."”” A very recent
work'® demonstrated that the EF of CM can reach ~10%,
which is several orders of magnitude lower than that of EM on
coinage metal substrates. Even so, nonmetallic 2D materials are
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identified as potential SERS substrates with highly tunable
sensitivity and selectivity, and many strategies have been
proposed to increase the EF via the modifications of
composition and morphology, and the formation of hetero-
structures. Vales et al.'”® reported that fluorinated and 4-
nitrophenyl-functionalized graphene have EFs higher than
those of pristine graphene, and the relative enhancement
increases along with the increase of the doping level of
functional groups. The formation of defects or functional
groups on graphene using ultraviolet or ozone oxidation
enables the Raman enhancement by 3 orders of magnitude.'*”
The heterostructures of 2D materials formed by layer-by-layer
stacking with an arbitrary sequence have modified density of
states. Tan et al."** used WSe, monolayer (W) and graphene
(G) to construct heterostructures with different stacking
sequences, including G/W, W/G, G/W/G/W, and W/G/G/
W. The intensity of Raman radiation is much stronger on the
heterostructures as compared with that on homogeneous
layers, and the EFs depend on the stacking sequence, following
the order of G/W > G/W/G/W > G > W/G ~ W/G/G/W >
w.

The heterogeneous structures of nonmetallic 2D materials
and coinage metal nanomaterials have combined enhancement
from CM and EM. Lu et al."*" decorated ultrathin MoS, films
selectively with Au nanoparticles and used this hybrid SERS
substrate to detect nonthiolated aromatic molecules. The
strong SERS signal of aromatic molecules is assigned to the
collective effects of the efficient adsorption of the molecules
onto MoS, and the str0n§ coupling of the Au nanoparticles to
the SERS. Wang et al.'** demonstrated that a graphene/Au
nanopyramid hybrid system can boost a high density of hot
spots with local SERS EF over 10'°, enabling label-free single-
molecule detection. The addition of graphene allows the
determination of chemical enhancement and electromagnetic
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enhancement, separately, in a semiquantitative mode. The
chemically inert 2D material covers metal nanostructures to
protect them from contamination and to improve the stability
and repeatability of the substrate. Liu et al.'* reported
monolayer graphene shielded periodic Ag nanostructures as
long-term stable SERS substrates. The monolayer graphene
acts as a corrosion barrier, which alleviates both the chemical
corrosion and the photoinduced damage.

The above discussions have convincingly shown that 2D
materials can bring about several advantages for SERS. These
include the selectivity to some specific molecules, such as
nonthiolated aromatic molecules, and the possibility of
combining enhancements from both CM and EM. Some 2D
materials are chemically inert, so that they can be used as
coatings to stabilize metallic SERS substrates.

Three-dimensional SERS substrates allow the construction of
SERS active sites in 3D space. SERS substrates made from 3D
nanostructures have particular advantages, such as high
effectiveness for the utilization of lasers within a 3D laser
confocal re§ion and high sensitivity for highly diluted target
molecules.'™'** Several physical and chemical methods have
been utilized to create 3D SERS substrates. The strategies are
generally classified into template-assisted fabrication,'**'*”
bottom-up assembly,"**'*’ and top-down fabrication."*"

Template-assisted fabrication provides a reproducible pathway
for preparing well-defined nanostructures. Polystyrene micro/
namosgheres,151 block copolymers,'** AAO,">>"** and porous
silica'>® are typical templates, which constrain the growth of
nanostructures in their pores or gaps. More complex structures
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(b) was adapted from 179. Copyright 2010 American Chemical Society. Panel (c) was adapted with permission from 186. Copyright 2012 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim. Panel (d) was adapted with permission from 191. Copyright 2018 Wiley-VCH Verlag GmbH & Co.

KGaA, Weinheim.

have been innovated recently using various templates and
deposition methods. Guan et al.'*® constructed “hedgehog-
like” Ag nanocone arrays with the assistance of polystyrene
microsphere and nanosphere binary layers. Compared with
conventional planar nanocone arrays and 3D nanosphere
arrays, these hedgehog-like nanocone arrays enable the
effective utilization of light and provide more hot spots at
the tips, resulting in a more stable and stronger SERS signal.
Chen et al."”*” deposited Au—Ag alloys electrochemically in the
through holes of AAO templates for nanopillar arrays. In order
to create more hot spots on the nanopillars, they dissolved Ag
atoms chemically from the Au—Ag alloys and then redeposited
Ag atoms on the porous Au nanopillar. The 3D porous Au@Ag
nanopillar arrays exhibit SERS sensitivities much higher than
those of solid Au nanopillars, and this porous structure enables
the adsorption and detection of polychlorinated biphenyls,
which is known as nonadsorbing molecules for metallic SERS
substrates. Ultrathin AAO films with tunable pore size and wall
thickness are used as masks for the fabrication of Ag
nanoparticle arrays.”*® The ultrathin masks allow the large-
scale production of closely packed Ag nanoparticle arrays with
a high density of hot spots. Mesoporous molecular sieves with
specific mesoporous structures are used as templates for the
synthesis of nanostructured SERS substrates."*” Chen et al.'®
deposited polypyrrole electrochemically into the pores of AAO
templates and generated porous carbon nanotube arrays
(PCNAs) via the electro-degradation at 100 °C in a dimethyl
sulfoxide solution and thermal annealing at 800 °C under an
argon atmosphere (Figure 9a). The metal-free PCNA substrate
provides not only high signal enhancement (~10°) due to its
strong broadband CTR for large chemical enhancement but
also extraordinarily high reproducibility or sample-to-sample
and time-to-time consistency in the SERS spectrum, due to the
absence of electromagnetic hot spots (Figure 9b). In addition
to AAO, silica KIT-6 has an interpenetrating cylindrical pore
system, which allows the formation of a Ag mesh structure via
a nanocasting process. Silica SAB-15 consists of parallel
hexagonal pores, shaping the chemically deposited Ag as
nanowire bundles.
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Some 3D structures or arrays, such as fibrous membranes,
melamine sponge block copolymers,'®’ nanocellulose,'®*
carbon nanotube arrays,' TiO, nanotube arrays,'** and
ZnO micron rods,'" are used as templates as well for
supporting plasmonic nanoparticles on the surface. The
customized size, shape, or interstice of templates allows precise
geometric control and positional arrangement of plasmonic
nanoparticles for a strong SERS signal. For most templates,
nanostructures with convex topography, such as acute tips or
pillars, create hot spots within a tiny region, lowering the
probability for the approach and adsorption of analyte
molecules on the active sites. Thus, high sensitivity is always
accompanied by a long preparation time for analyte
accumulation, which hinders the time response.'®® Mao et
al.'”” employed Au nanobowl arrays, which have concave
topography, as templates to support SERS active Ag nano-
particles (Figure 9c,d). Experiments for single-molecule
detection with a short soaking time are realized in conjunction
with broadband response and uniformity (Figure 9e). The
manipulation of hot spots in a warped spatial geometry
provides a new design platform for broadband and huge field
enhancements.

The bottom-up plasmonic assemblies refer to the SERS active
structures generated via a synthetic combination of plasmonic
building blocks. Plasmonic core—satellite structures, which
consist of a bigger particle at the center serving as a core, and
some smaller particles encircling the core as satellites provide
in-built hot spots for excellent SERS probing.168 Mueller et
al.'*” synthesized 3D nanoparticle supercrystals via the self-
assembly of Au nanoparticles on a liquid subphase for excellent
structural order and small interparticle gaps. Thiolated
polystyrene molecules functionalize the Au nanoparticles,
stabilize the supercrystals, and act as spacers between the
nanoparticles to form nanogaps with the width of 1—4 nm.
The near-field inside the supercrystal within the framework of
plasmon polaritons form due to strong light—matter
interaction. The intensity of SERS is uniform within 10%
across the supercrystal with a peak integrated enhancement of
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up to 300 and a peak hot spot enhancement of 10°. Metal—
organic frameworks (MOFs) are used as host matrices for in
situ growth of Au nanoparticles."”” The Au nanoparticle-
embedded MOF nanocomposites combine the LSPR proper-
ties of Au nanoparticles and the high adsorption capability of
MOF, making them highly sensitive SERS probes. A SERS
detection limit of 107> mol-L™"' for R6G and benzidine has
been demonstrated. Hierarchical flower-like Au microstruc-
tures are synthesized via electrochemical deposition.'”" The
deposition current and electrolyte concentration, rather than
templates and surfactants, are used to adjust the morphology of
the hierarchical structure. The microstructures assembled with
nanoflakes or nanotips have high densities of hot spots at
interstices and tips, enabling the detection limit down to 10710
mol- L™

The top-down fabricated 3D SERS substrates refer to well-
defined metal-coated nanostructures prepared by a top-town
fabrication process. In all top-down fabricated structures,
nanopillar arrays with their top and/or base coated by SERS
active metals enable large SERS EFs due to their multidimen-
sional architectures with a large surface area.'’”'”® Many
methods have been developed for the fabrication of nanopillar
arrays for SERS applications, including NSL,'7+'7> EBL,"/%177
nanoimprinting lithography,'”®'”” maskless reactive ion
etching,'*>'*" and block copolymer lithography (BCL).'**'**

NSL and EBL allow the precise control of the geometry of
substrates and subsequent plasmonic responses. Apart from
cylindric nanopillars, more complex structures with precisely
controlled geometric dimensions have been innovated in
recent years. Lafuente et al.'®* fabricated 3D Ag mirror-like
micropyramidal structures extending in the z-direction by up
to 3.7 or 7.7 um using Si-based EBL (Figure 10a). The
periodic Ag micropyramids are employed for SERS mapping in
a large area, and the SERS signals are averaged in the whole
area, resulting in a low relative standard deviation value for the
107°~107° mol-L™" concentration range of target molecules.
Tandem Au—SiO,—Au nanocone arrays fabricated with EBL
can provide a 10 times higher SERS intensity when compared
with periodic Au nanocone arrays.'®> The disadvantage of EBL
is the high fabrication cost due to inherent low throughput in a
serial processing tool. Thus, EBL is inadequate for mass
production of large areas of nanostructures.

Some alternatives have been developed for top-down
fabrication of 3D SERS substrates. Hu et al.'"”” prepared Au-
coated nanoscale polymer fingers using the nanoimprinting
technique (Figure 10b). The nanofingers are flexible, and their
tips can be brought together to trap molecules, while the Au-
coated fingertips form hot spots for molecule detection based
on SERS. Schmidt et al.'* used a maskless reactive ion etching
process to fabricate Si nanopillars and then deposited Ag
partially or conformally onto the Si nanopillars (Figure 10c).
This work demonstrated the possibility of simple, reliable, and
reproducible large-scale fabrication of analyte trapping SERS
substrates using standard Si processing equipment, and this
technique has been successfully commercialized by the startup
company SILMECO.

BCL is an emerging technolo%y for the large-scale
production of nanosized templates."”’~"*" Nanocavities can
be generated by the microphase separation of block
copolymers. The incorporation of inorganic etching resists
into the block copolymer mask facilitates the production of
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nanostructures made from a variety of materials.'”® Akinoglu et
al."* developed a SERS sensing template, consisting of a
perforated Au film at the base of the nanopillars and Au dots
on top of the nanopillars via BCL. The coupling between the
Au dot array and perforated Au film at the base of the
nanopillars significantly increased the SERS efficiency. The
easy, scalable, and cost-effective method is capable of
producing SERS substrates with average EFs as high as 107,
and the relative standard deviation of the block-copolymer-
derived templates is only 8% in the measurement of the Raman
intensity. Wu et al.'”" innovated a SERS substrate consisting of
Au nanoparticles that can slide and aggregate on Al,O;/Si
nanohoodoos (Figure 10d). It is worth mentioning that the
nanohoodoos, which are fabricated using wafer-scale BCL, can
be recycled after SERS analyses by complete removal of Au via
a wet etching process without compromising performance.

The rapid development of nanotechnology has greatly
accelerated the innovation of SERS substrates with a large
surface area, a high density of SERS hot spots, and a specific
nanostructure to trap target molecules. Although state-of-the-
art SERS substrates have successfully met some analytic
requirements of sensitivity, stability, and reproducibility, there
are still many challenges in the understanding, development,
implementation, and application of SERS techniques. Many
important questions await appropriate answers: Can any
enhanced Raman scattering phenomenon, which cannot be
explained by the EM, be explained by the CM? Can the
functionality of hot spots be clarified? Can the theoretical
calculation of EFs be more accurate? These questions require
the further development of the SERS theory. Experimentally, it
is of vital importance to determine the dynamic process of the
capture of target molecules at hot spots, clarify the
combination of EM and CM for the giant SERS EFs, and
further push up the spatial resolution limit for SERS as applied
to scanning probe microscopy. In a relatively new frontier of
Raman spectroscopy, it is of great interest to improve the
SERS resolution in the time domain as well as in the spatial
domain, either separately or collectively, and explore the
application of such a powerful Raman spectroscopy technology
to solve some critical problems in chemistry and biology.

Conventional time-resolved SERS (TR-SERS) operates with a
continuous-wave laser and detects spontaneous Raman
scattering. It captures Raman spectra continuously during a
dynamic process, so that it is capable of identifying the change
of molecular structures and determining reactive intermediates
or transient states on the SERS active surface. Liu and co-
workers'*'?® innovated a TR-SERS strategy, which is based
on the dynamic agglomeration of Ag nanoparticles in their
colloidal suspension during solvent evaporation. The dynamic
adjustment of the interparticle distance during the transition
process enables a significant enhancement of the SERS signal
at some time point, making it a universal method for in situ
detection of chemical residuals. Fujita et al.'”* performed TR-
SERS to observe the position and spectra of Au nanoparticles
simultaneously in living cells with high spatial and temporal
resolutions. The subsecond TR-SERS provides the information
on the transportation of Au nanoparticles on the cell surface
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and in the cell, which can be linked to the molecular signatures
of biological activities at distinct locations.

The in-depth understanding of catalytic processes in photo/
electrochemical energy conversion is strongly driven by the
global energy and environmental challenges. TR-SERS is
capable of determining catalyst states, surface transformation,
and interfacial intermediates under operando conditions and
provides insights regarding the reaction kinetics.'”*""
Weckhuysen and co-workers'”” took advantage of the
characteristics of Cu, which acts both as an active CO,
reduction reaction (CO,RR) electrocatalyst and SERS active
substrate to achieve subsecond TR-SERS under CO,RR
conditions. The investigation reveals the dynamic Cu surface
reconstruction as well as chemical processes of adsorbed CO
species on polycrystalline Cu electrodes during CO,RR. Dong
et al."”® distributed Au@SiO, shell-isolated nanoparticles on
smooth Pt(hkl) electrode surfaces and employed in situ
electrochemical SERS to examine the oxygen reduction
reaction (ORR) process at the Pt(hkl) surface. Direct
spectroscopic evidence for ORR intermediates indicates that,
under acidic conditions, the pathway of ORR at Pt(111)
occurs through the formation of HO,*, whereas at Pt(110)
and Pt(100), it occurs via the generation of OH*. Single-layer
MoS,-coated polyhedral Ag heterostructures (Ag@MoS,) are
used as bifunctional substrates, i.e., electrocatalytic MoS,
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surfaces for hydrogen evolution reaction (HER) and plasmonic
Ag core for the real-time SERS."”” Raman spectroscopic results
prove the S—H bonding formation on the MoS, surface during
the HER process, suggesting that the S atom of MoS, is the
catalytic active site for the reaction. Radjenovic and
Hardwick™”® used the Raman active bands of superoxide
(O,*) for probing the influence of electrolyte on the ORR in
non-aqueous electrolytes and intermediates at the electrode
surface. The TR-SERS enables the real-time observation of the
flux and reorientation of ions at the electrode/electrolyte
interface.

SERS boosts the sensitivity toward adsorbed species,
enabling shorter spectrum acquisition time for a good signal/
noise ratio, but the temporal resolution of the conventional
TR-SERS, which is normally in the range from subsecond to
several tens of seconds, is still too poor to monitor the ultrafast
dynamics of atomic bond making or breaking on the
picosecond time scale.””" Thus, the spectroscopic results
from conventional TR-SERS provide some evidence for the
analysis of reaction mechanism and kinetics, but the dynamic
information is still missing. Theoretical calculations are usually
required to complete the story.'”¥*9>*%

Femtosecond stimulated Raman spectroscopy (FSRS) enables
the measurement of vibrational structural information with a
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time resolution comparable to or faster than that of the
oscillatory period of nuclear motions.””* This technique
originates from the ultrafast pump—probe spectroscopy.””
Yoshizawa et al.”” reported the first FSRS experiment in 1994.
Since then, the three-pulse configuration has been widely used
in FSRS experiments. An actinic pump pulse excites the
molecule to an instantaneous state, and then the structure
information is read out at various time delays by a sequence of
a narrowband Raman pump pulse and a broadband probe
pulse (Figure 11a). The probe pulse generates a macroscopic
polarization with high time precision, creating a free induction
decay, which is measured by a dispersed detection system.”"”
Silva et al.”’® demonstrated the super-resolution Raman
microscopy, which is based on the combination of stimulated
emission depletion microscopy and FSRS. They utilized a
kilohertz femtosecond amplifier, of which the output is split
into three beams. These beams are focused onto the sample
with an inverted microscope, and the signal is collected in
transmission mode with a condenser utilized for collimation
(Figure 11b). A toroidal-shaped decoherence pulse is used to
eliminate the vibrational signal from the edges of the focal spot,
improving the spatial resolution of the microscope beyond the
diffraction limit.

Pellatz et al.”” used pump—probe Raman scattering to
investigate the apical oxygen vibration in YBa,Cu;Og,, under
non-equilibrium conditions and find that hot and cold
phonons are out of thermal equilibrium, but electrons and
hot phonons are at or near thermal equilibrium at time delays
below 1 ps. The time dependence of phonon population
demonstrates strong electron—phonon coupling. Zhu et al.*"’
investigated the excitonic population dynamics of carbon
nanotubes confined in long linear carbon chains. The exciton
relaxation dynamics of the confined carbon chains occurs at
hundreds of picoseconds, in strong contrast to the dynamics of
a nanotube host that occurs in a few picoseconds. The strong
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coupling between the chain and the nanotube host provides
clear evidence for an efficient energy transfer from the host
nanotube to the chain. Mathies and co-workers>'" reported the
time-resolved FSRS spectra of a charge transfer excited
noncovalent complex tetracyanoethylene/1-chloronaphthalene
(TCNE/CIN) in dichloromethane (DCM) with a time
resolution of 40 fs. FSRS enables the observation of
fundamental vibrations including the in-plane bending of the
TCNE cyano groups and the symmetric stretch of the central
C=C bond in TCNE®*". The impulsive stimulated Raman
measurements of the complex provide the information on the
DCM solvent shell, the out-of-plane bending of TCNE, as well
as the frequency shift due to the proximity of the contact ion
pairs. The structural and vibrational time evolution of the key
vibrational modes of the TCNE/z/CIN molecular complex,
which is investigated by adiabatic molecular dynamic
simulations, agrees well with the experimental results, unveiling
a correlation between vibrational fingerprints and electronic
properties.212

FSRS provides a sufficiently detailed and time-resolved
vibrational signal of the electronically excited molecular
complex, thus it is a powerful approach for revealing the
real-time nuclear dynamics that makes up a multidimensional
polyatomic reaction coordinate.”" In fact, the work combining
SERS and coherent nonlinear time-resolved Raman spectros-
copy has been reported. Kumar et al.*'* combined surface-
enhanced Raman scattering with the coherent nonlinear
Raman technique and made it a promising route for achieving
higher sensitivity and time-resolved SERS measurements. They
also reported time domain Raman measurements of trans-1,2-
bis(4-pyridyl)ethylene (BPE) adsorbed on Au nanoparticle
assemblies, which are carried out with impulsive stimulated
Raman spectroscopy using sub-8 fs pulses (Figure 12a). They
observed coherent nuclear wave packet motion of BPE on Au
nanoparticle assemblies with drastic enhancement through the
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surface plasmon resonance, which provides information on the
Raman active vibrations in the time domain (Figure 12b).
Through Fourier transform of the measured time domain
Raman data, they obtained the SERS spectra of BPE and found
an EF as high as 10°—10° (Figure 12c). This study not only
demonstrates the applicability of time domain nonlinear
Raman techniques in SERS, i.e., surface-enhanced impulsive
stimulated Raman spectroscopy (SE-ISRS),*'* but also
provides a technical basis for femtosecond time-resolved SE-
ISRS experiments to track ultrafast dynamics of the
adsorbates.*'°

Scanning probe microscopy (SPM) provides scientists with a
powerful tool to investigate surfaces with atomic resolution.”"”
On the basis of SPM techniques, Wessel”'® proposed the
concept of surface-enhanced optical microscopy (SEOM)
based on optical field confinement by surface plasmons of a
sub-micrometer-sized metal probe. The tip of the metal probe
serves as an antenna that receives an incoming optical field and
propagates the field to a nearby sample surface for interactions.
The induced surface polarization is reradiated by the tip,
thereby generating a Raman spectrum. The SEOM has a
spatial resolution unlimited by optical diffraction effects, and
its detection sensitivity approaching 1 nm is projected.195
Nowadays, this technique is widely known as TERS, which was
successfully demonstrated in the early 2000s by several
groups.””~**! In the past two decades, the spatial resolution
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of TERS has been improved from several tens of nanometers
to a few nanometers.*®

One of the major topics in TERS is the efficient collection
and delivery of electromagnetic energy to the miniscule region
of interest. In conventional TERS, surface plasmons are excited
on the metallic probe via directly focusing the laser beam in the
vicinity of the tip apex.””> The mismatch between the mode
volumes of a far-field optical mode and the highly confined
plasmonic mode leads to very small overlap of the electro-
magnetic field, resulting in low coupling efficiency.”** Tapered
structures allow for the concentration of surface plasmons at
the apex of the convergent geometries.”””*** The 3D tapered
cones enable the efficient coupling of the far-field radiation to
the near-field region, which leads to the significant increase of
local field by 3 orders of magnitude in intensity.”>> Ropers et
al.**® scribed 1D gratings onto the tip shaft of 3D tapered
cones with apex radii of a few tens of nanometers and
demonstrated an efficient propagation of SPPs over more than
10 pm along the tip shaft toward the cone apex. The grating-
coupled conical tips serve as bright nanoscale light sources for
nearly background-free scattering-type scanning near-field
optical microscopy. The dipolar nanoemitter allows around
20 nm spatial confinement, which is more than 1 order of
magnitude beyond the optical diffraction limit."’

FSRS can probe the ultrafast dynamics of molecules, but it
does not intrinsically have spatial resolution beyond the optical
diffraction limit. In contrast, TERS is capable of achieving the
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vibrational spectra of adsorbates with a spatial resolution in
nanometer scales. However, relatively few efforts have focused
on the incorporation of ultrafast spectroscopic techniques with
TERS.*”’ Several groups have demonstrated advances of time-
resolved TERS. Kawata and co-workers™>" reported the tip-
enhanced coherent anti-Stokes Raman scattering (CARS) of
adenine molecules in a nanometric DNA network. The
excitation of the CARS polarization is extremely confined to
the tip apex, resulting in a resolution far beyond the optical
diffraction limit. The tip-enhanced CARS image is recorded in
100 ms for one pixel. Van Duyne and co-workers coupled an
optical parametric oscillator with a TERS microscope to excite
the tip plasmon with picosecond excitation source and
performed the TERS measurements in ambient conditions*’
and in ultrahigh vacuum (UHV).””” They demonstrated that
picosecond TERS of a resonant adsorbate can be observed in
UHV without the permanent loss of signal that plagues
picosecond TERS in ambient conditions. Although these
authors do not achieve the spatially and temporally resolved
dynamics of surface-bound molecules, their findings suggest
that a UHV environment for time-resolved TERS experiments
is a valuable asset.

Wickramasinghe et al introduced a collinear, tunable
stimulating beam along with a polarization-modulated pump
beam into a conventional TERS setup and obtained a
stimulated TERS image of azobenzene thiol molecules grafted
onto Au(111). The signal and the signal-to-noise ratio in
TERS are significantly enhanced using the stimulated emission
scheme. However, the imaging rate in this work is limited not
by the signal acquisition time but rather by the STM scanning
rate. Cocker et al.”*' innovated ultrafast terahertz scanning
tunneling microscopy (THz-STM), by which a single electron
from an individual pentacene molecule’s highest occupied
molecular orbital is removed within a time window shorter
than one oscillation cycle of the terahertz wave, and
approximately 100 fs snapshot images of the orbital structure
with sub-angstrom spatial resolution are recorded to reveal
coherent molecular vibrations at terahertz frequencies directly
in the time domain. The dynamics of the energy landscape
associated with single electrons and phonons can be traced
directly by ultrafast tunneling. Moreover, combining an optical
pump pulse with the THz-STM probe will provide access to a
multitude of optical excitations. Miiller et al.>>* reported the
photoemission of sub-10 fs electron pulses from the apex of a
Au nanotip driven by the nanofocusing of SPPs and employed
the ultrafast electron pulses for point-projection microscopy of
an individual nanowire. The spatial resolution reached 20 nm,
and the temporal resolution is in the sub-10 fs range. The
plasmon-triggered tunneling of femtosecond electron wave
packets makes the realization of ultrafast SPM conceivable.
Berweger et al.”>* used the same system to demonstrate the
continuous micro-to-nanometer self-similar mode matching
conversion of the femtosecond SPP field propagating at the
apex of the tip to 20 nm space and 16 fs time-limited light
pulses (Figure 13).

So far, tracking the intrinsic dynamics of a single molecule
directly in the time domain faces many challenges. The
integration of pump—probe pulses into TERS is still identified
as a valuable pathway to capture the site-specific information
about the dynamics of molecules. In the near future, we
envisage watching single-molecule movies and chemical
reactions in four dimensions.
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This review outlines the efforts made on the dimensional
design for SERS, including the most significant strategies for
constructing enhancing substrates ranging in structures from
0D to 3D in the past nearly half century. An appropriate SERS
substrate identified as highly sensitive, selective, and stable is
very much desirable for both basic science and high
technology. A SERS technique based on an ideal substrate is
versatile for analysis with a high enhancement factor, a good
signal reproducibility, and a fast response.

We have shown that, in each category of SERS substrates,
design and optimization upon the geometric and composite
configuration can be made to achieve an as large as possible
enhancement factor of a Raman signal, where both the
electromagnetic and chemical enhancement mechanisms can
be deeply explored to play active roles. We have also shown
that the temporal dimension can be incorporated into SERS by
applying femtosecond pulse laser technology so that SERS can
be used not only to identify the chemical structure of
molecules but also to uncover the ultrafast dynamics of
molecule structural changes. Such so-called 4D SERS allows
the design and optimization in the geometric configuration of
metal nanoparticles and nanostructures and temporal shape of
a pulse laser, either separately or collectively.

The ultimate goal for SERS techniques is the capability for
measuring structural changes of reacting molecules in nano-
meter scales and on ultrashort time scales ranging from a few
femtoseconds to picoseconds. Tip-enhanced Raman spectros-
copy provides a spatial resolution of a few nanometers but
lacks temporal information. Femtosecond stimulated Raman
spectroscopy enables the measurement of vibrational structural
information with a temporal resolution comparable to, or faster
than, the oscillatory period of the nuclear motions of
molecules. However, there is, so far, no SERS technique
which is capable of combining the state-of-the-art spatiotem-
poral resolutions for deep insights into fundamental problems
as to observe the molecule structure change dynamics and,
more importantly, while being more difficult to visualize
specific chemical reaction dynamics of critical importance.

A critical question is whether dimensional design for SERS
could greatly advance the spatiotemporal resolution. Well-
designed plasmonic nanostructures with specific shape, size, or
alignment can provide highly organized hot spots and thus
enable quantitative analysis of single molecules. Here, we
suggest the 4D design for SERS, in which the pump—probe
process should be planned carefully in accordance with the
geometric structures of enhancing substrates, might meet such
a fundamental purpose. The incorporation of scanning probe
techniques, ultrafast laser pump—probe techniques, and
enhancing substrates may create a new pathway to approach
the ultimate goal for SERS, as well as for chemical analysis. In
the near future, we envisage watching the chemical reactions in
four dimensions and visualizing the elementary reaction steps
in chemistry.
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