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ABSTRACT

Ultrafast surface-enhanced Raman spectroscopy (SERS) has the potential to study
molecular dynamics near plasmonic surfaces to better understand plasmon-mediated
chemical reactions such as plasmonically-enhanced photocatalytic or photovoltaic
processes. This review discusses the combination of ultrafast Raman spectroscopic
techniques with plasmonic substrates for high temporal resolution, high sensitivity, and
high spatial resolution vibrational spectroscopy.  First, we introduce background
information relevant to ultrafast SERS: the mechanisms of surface enhancement in Raman
scattering, the characterization of plasmonic materials with ultrafast techniques, and early
complementary techniques to study molecule-plasmon interactions. We then discuss recent
advances in surface-enhanced Raman spectroscopies with ultrafast pulses with a focus on
the study of molecule-plasmon coupling and molecular dynamics with high sensitivity. We
also highlight the challenges faced by this field by the potential damage caused by
concentrated, highly energetic pulsed fields in plasmonic hotspots, and finally the potential
for future ultrafast SERS studies.

Keywords: SERS, plasmonics, ultrafast spectroscopy, Raman scattering, TERS, SECARS,
SEFSRS, TECARS
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1. Introduction

Ultrafast surface-enhanced Raman spectroscopy is a growing field that uses
plasmonic enhancements to study molecular motion and molecule-plasmon interactions on
femtosecond and picosecond timescales. It utilizes the plasmonic enhancements observed
in surface enhanced Raman scattering (SERS)," * which has achieved single molecule
sensitivity’> and sub-diffraction-limited resolution,®® in combination with the time-
resolution of ultrafast vibrational spectroscopy. The most recent advances in the field’ "
have demonstrated the potential to watch single molecules react on the timescale of nuclear
motion, positioning these techniques to answer long-standing mechanistic questions in
plasmon-mediated chemical reactions.

By taking advantage of high enhancement factors and coherent signals, ultrafast
SERS could be used to eliminate heterogeneity in dynamics studies, possibly achieving
even higher sensitivity than spontaneous continuous wave (cw) SERS. This would allow,
for example, for us to investigate how individual defect sites affect molecular dynamics of
dye molecules on TiO,-functionalized plasmonic substrates.”” Ultrafast surface-enhanced
Raman techniques could also prove instrumental in studying plasmon-driven chemistry, an
emerging field probing phenomena such as hydrogen dissociation on gold nanoparticles."*
Additionally, ultrafast SERS could be used to study the effects of plasmonic enhancement
on electron dynamics in photovoltaic or photocatalytic materials, as reports have shown
increases in efficiencies for plasmonically-enhanced systems without a clear consensus on
the mechanism of these enhancements.” '>'® Ultrafast SERS provides unique tools to
study molecule-plasmon coupling in these systems, as well as to study dynamics near
plasmonic surfaces on femtosecond timescales. In this paper, the term “ultrafast SERS”
will be used generically for any Raman scattering process that involves ultrafast
(picosecond or femtosecond) excitation and plasmonic enhancement, including nonlinear
processes and related process such as sum frequency generation. This review discusses the
growth of this field over the past few decades as well as recent advances that illustrate the
power of ultrafast SERS techniques for future applications.

Ultrafast spectroscopy generally refers to timescales ranging from a few
femtoseconds to hundreds of picoseconds, as these are the relevant timescales to follow
vibrational molecular dynamics. Ultrafast spectroscopy has been used for decades to
investigate molecular dynamics.'”?° By using a pump pulse followed by a probe pulse or
pulses to investigate the electronic or vibrational state of the system at varying time delays,
ultrafast spectroscopies are a unique and powerful tool for studying changes to systems on
the extremely short timescales relevant to a large number of photochemical and
photophysical processes. Ultrafast vibrational spectroscopies can provide more specific
mechanistic information than complementary electronic spectroscopies such as transient
absorption (TA) spectroscopy because they directly measure changes in nuclear motion on
the actual timescales of the vibrations involved.' This vibrational information can reveal
mechanistic details of reactions.  For example, femtosecond stimulated Raman
spectroscopy (FSRS) was used to map structural evolution during excited-state proton
transfers in green fluorescent protein.”* In addition to FSRS, a wide range of ultrafast
Raman spectroscopy techniques have been developed over the past decades including time-
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resolved resonance Raman, picosecond spontaneous Raman, coherent anti-Stokes Raman
(CARS), and hyper Raman (HRS) spectroscopies. This review focuses on spectroscopies
that have been successfully combined with plasmonic substrates for ultrafast SERS
experiments.

In this paper we first provide the background information necessary to understand
the growth of the ultrafast SERS field, including a discussion of SERS mechanisms and
substrates, as well as a brief introduction to ultrafast spectroscopy of plasmonic materials
and the growth of ultrafast Raman spectroscopies. We then review major advances in the
field of ultrafast SERS and the challenges that have been overcome and still remain. Last
we focus on ultrafast molecular plasmonics as an emerging field that holds promise to help
us truly understand not only how molecules and plasmons interact but also how plasmons
can mediate chemistry.

2. Background and Origins of Ultrafast SERS

In this section, we discuss the mechanism of SERS as well as implications of ultrafast
electron dynamics in plasmonic materials for ultrafast molecular dynamics in coupled
molecule-plasmon systems. We first introduce plasmonics and surface enhanced Raman
scattering (SERS) along with the mechanistic details of plasmonic enhancements in Raman
scattering relevant for ultrafast SERS. Next, we briefly discuss electron dynamics in
plasmonic nanostructures and comment on early work that combines ultrafast vibrational
spectroscopy and plasmons in order to lay the groundwork for a discussion of the ultrafast
SERS field.

2.1 Plasmons and molecule-plasmon interactions

While we will mostly focus on plasmons as they related to SERS in this review, a basic
understanding of the fundamental physics behind plasmonics is important to discuss the
motivations and mechanisms for ultrafast SERS experiments.

Surface plasmons are the collective oscillations of conduction electrons in metal
nanostructures, which can decay both radiatively and non-radiatively.” This collective
oscillation can lead to local-field enhancements and strong extinction, as will be discussed
in Section 2.2. The physics behind plasmon excitation and decay has been well-studied and
reviewed elsewhere””” and we only mention a few main points here to guide the reader.
Briefly, after formation on the femtosecond timescale plasmons can decay through re-
emission of photons (radiative) or energy transfer to electron-hole pairs to form hot
electrons (non-radiative).” ** Plasmons will dephase within tens of femtoseconds and
thermalize via electron-electron scattering within hundreds of femtoseconds.”” The hot
electrons will relax on the time scale of picoseconds due to electron-phonon scattering
followed by phonon-phonon interactions which cool the metal lattice after tens of
picoseconds.’*?

When coupled with molecules, these plasmon dynamics are less clear. Molecule-plasmon
interactions are not yet well-understood, though molecules could be affected in a number of
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ways when placed in the proximity of excited plasmons. Molecules could be excited
independently from the plasmon by incident irradiation, and their excited-state dynamics
could be altered by the changing electromagnetic field caused by the decaying plasmon.
Additionally, hot electrons generated from plasmon decay could react with coupled
molecular systems and drive chemical reactions on ultrafast timescales. Section 2.4 further
discusses molecule-plasmon coupling, and Section 5 outlines the potential of using ultrafast
SERS techniques to study these phenomena. Most importantly for our purposes in this
review, plasmonics are the dominant mechanism for the highly enhanced Raman scattering
observed in SERS.

2.2 SERS: Mechanism, substrates, and hotspots

Surface-enhanced Raman scattering is a powerful tool to study molecular structure
because it enhances otherwise weak Raman scattering by orders of magnitude." > 33!
Because of this enhancement, SERS is especially useful in sensing applications with
sensitivity down to the single molecule level.” The enhancements observed in SERS arise
mostly from the excitation of localized surface plasmon resonances (LSPRs) in noble metal
nanostructures.”> An LSPR arises from the collective oscillation of electron density relative
to the metal nuclei in nanostructures significantly smaller than the wavelength of incident
light, as illustrated in Figure la. This phenomenon results in a large electromagnetic
enhancement of the incident and scattered fields involved in the Raman scattering process.
Additional enhancement can come from the chemical enhancement mechanism, where the
incident light excites charge transfer resonances between the metal and the adsorbed
molecules.** *
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Figure 1. (a) Depiction of the electromagnetic SERS enhancement mechanism. (b) TEM of a gold dimer of
90-nm diameter particles encapsulated in 60 nm of silica. This is a common substrate used in ultrafast SERS
measurements, with a small junction or gap where the particles meet. Reprinted with permission from
reference '>. Copyright 2012 American Chemical Society. (c) Illustration of a hotspot at the junction of a
dimer aggregate of gold particles. FTDT calculations of the [E[*/[Eo|* contour profiles show local field
enhancements in the 0.5 nm gap between the two 100 nm particles, with yellow indicating areas of highest
enhancement (hotspots). Reprinted with permission from reference **. Copyright 2012 American Chemical
Society.

The increased signals seen in SERS are quantified by an enhancement factor (EF)
that compares the surface-enhanced signal to the normal Raman scattering (NRS) signal
(i.e. without a plasmonic substrate), normalized for the number of molecules probed.
Enhancement factors provide a metric for directly comparing enhancement of different
SERS substrates and experimental approaches. Specific definitions of EFs necessarily
differ across applications,” for example surface-enhanced coherent anti-Stokes Raman
scattering (SECARS) enhancements have been compared to both NRS and CARS.
However, the direct comparison of EF values is further complicated by the fact that not all
authors use the same EF calculations even for similar applications. In general,
enhancement factors should compare plasmonically enhanced scattering to unenhanced
scattering, normalized for the number of molecules contributing to each of the observed
signals (along with any other experimental variables changes between SERS and NRS
acquisitions). A typical enhancement factor formula used is shown in Equation 1
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where Iszgs 1s the intensity of the SERS signal, N, is the number of molecules on the
surface of the SERS substrate that are contributing to the SERS signal, /yzsis the intensity
of the NRS signal, and Ny, is the number of molecules in the focal volume contributing to
the NRS signal. The electromagnetic enhancement mechanism can lead to EFs of 10*-10°®
(with theoretical predictions up to 10'"),*® resonance Raman effects can yield 10°-10°
enhancement,47 and chemical enhancement” can add an additional enhancement of 10-100
for observed experimental enhancement factors of up to 10''.*® Taking advantage of these
enhancements, SERS has been used for the past 40 years for biosensing applications,49
spectroelectrochemistry,”® cultural heritage applications,”’ and single molecule
spectroscopy.3’ 448

For Raman enhancement in the visible and near infrared (NIR), gold and silver
nanostructures yield the highest enhancement factors due to their dielectric properties.®> >
Common SERS substrates include colloidal solutions of nanoparticles, nanostructured films
or electrodes, isolated nanostructures on a substrate, or arrays of coupled nanostructures.®>
> Ultrafast SERS experiments have utilized a number of substrates, mostly colloidal
solutions of aggregated particles, single aggregates of particles, and arrays of coupled
nanostructures. The plasmonic enhancements in SERS are highest in so-called plasmonic
hotspots in small gaps between nanostructures or at particularly sharp nanoscale features
(see Figure 1b,c).”> * 3 All of the major successes in the implementation of ultrafast
SERS have utilized substrates with hotspots between nanoparticles or hotspots between a
plasmonic scanning probe microscope (SPM) tip and a substrate (known as tip-enhanced
Raman spectroscopy or TERS). These hotspots not only yield high enhancement factors,
but also provide spatial localization of the Raman signal for domain sizes smaller than the
diffraction limit. TERS, for example, can be used to study molecules between a plasmonic
tip and a plasmonic film with spatial resolution well below 10 nm. In this way, plasmonic
hotspots can be used not only to study a small number of molecules near nanostructures
(even single molecules for highly-enhancing substrates), but also to obtain spatial
resolution below the diffraction limit. These advantages lead the way for powerful ultrafast
SERS applications if ultrafast time resolution can be combined with high sensitivity and
sub-diffraction spatial resolution.

2.2 Ultrafast plasmonics: electron dynamics in metal nanoparticles

The electromagnetic field enhancement resulting from excitation of LSPRs is typically
the major contribution in the overall Raman signal augmentation in SERS. Therefore,
understanding how the LSPR, electric field confinement, and plasmon-molecule
interactions are affected by ultrafast irradiation is central for the development of ultrafast
Raman spectroscopies. Fundamental understanding of ultrafast molecular plasmonic
systems is essential for the applications of nanotechnology in varied fields such as
medicine,”* > catalysis,'* °*°7 and energy;>® and has remained challenging. During the last
two decades, substantial progress has been made independently in the fields of Raman
spectroscopies, molecular dynamics and electron dynamics in plasmonic structures.
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The importance of electron dynamics in the context of this review is to understand
the processes that can be caused by an ultrafast laser pulses impinging on metallic
nanostructures. Specifically, the time dependent optical response of the metal nanostructure
(transient extinction or absorption) and the associated energy transfers that can alter
molecule-substrate interactions in time-resolved ultrafast Raman spectroscopies.

Ultrafast pump-probe spectroscopy can probe a wide range of phenomena,
including electron dynamics and material properties.’” Pump-probe spectroscopy
involves two ultrafast laser beams, a pump beam to excite or perturb the sample out of an
equilibrium state, and a probe beam used to monitor the pump-induced changes of the
optical properties over time. In pump-probe experiments involving metallic nanostructures
the transient extinction, absorption, or scattering signals can be monitored upon
excitation.”® 61 6% 6 67 In thig case, the lattice of the metallic nanostructure and its
environment are indirectly heated since the absorbed energy is first redistributed among the
electrons by electron-electron (e-e) scattering, raising the electron gas temperature, then
transferred to the lattice by electron-phonon (e-ph) interaction on a subpicosecond time
scale.®® Electron-electron and electron-phonon scattering are coupled processes.®> ® After
electron-phonon scattering, the raised lattice temperature causes expansion and
thermalization by acoustic vibrational modes where energy is exchanged with the
environment.®* °® These vibrations typically take place within few to tens of picoseconds,
and complete thermalization with the environment takes longer times ( >100 ps) depending
on the particle material, size and surrounding medium (see Figure 2).* °  The lattice
vibrations triggered by the e-ph interaction modify the metallic nanoparticle density and
optic properties; and the thermalization process modifies the refractive index of the
environment; these changes produce the transient signal (see Figure 2, and inset of Figure
3).

Energy redistribution Transtant
- Optical Properties
e Probe pulses
: LSPR
<:I"’Le I:>|att|ce<->|:> < ! LSPR oy
Te. ph =
Tom wr Vea' Tom =
', .E :
1 49 = i
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. . Wavelength (nm)
matrix / environment

Figure 2. Left: Scheme of energy redistribution in a metal nanoparticle after electrons are selectively excited
by a femtosecond pulse (hv). Each process has characteristic time scales; for internal thermalization of the
electron gas, 1y, is of the order of femtoseconds; for electron-lattice thermalization, 7., is of few to few tens
of picoseconds and for particle-matrix energy exchanges, 1, is larger than tens of picoseconds. * Adapted
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with permission from reference . Copyright 2001 American Chemical Society. Right: Sketch illustrating the
transient optical properties monitored in a pump-probe experiment (AA), which can be understood as changes
in the dielectric function of the metallic nanoparticle due to hot electrons and hot lattice thermalization.

Most of the plasmonic nanostructures studied by transient absorption refer to
colloidal dispersions®"® or isolated single particles dispersed on a substrate or matrix.”*
Colloidal aggregates or nanostructures with hotspots are less frequently studied by transient
absorption. However, these plasmonically coupled systems are more interesting for SERS
applications due to their higher field enhancements. There are conflicting reports studying
gold particle pairs where it is observed that lattice vibrations are influenced by the near-
field coupling,®® and others where they are not.*” * An example of the former case was
reported by Lippitz and coworkers who studied a pair consisting of 40 nm and 70 nm gold
disks, separated by a small gap of ~15 nm. In their work, the 70 nm disk acts as an antenna,
increasing the transient absorption signal amplitude of the smaller particle. The pump pulse
excited both disks in the pair and the probe pulse was polarized whether along the
symmetry axis of the pair to study strong coupling (upper row Figure 3), or perpendicularly
to study weak coupling (lower row Figure 3). The insets of Figure 3 show examples of
transient absorption measurements, where the relative transmission (AT/T) is monitored as
a function of the relative time delays of the pump and probe pulses. Lippitz and coworkers
used Fourier transformation to analyze the experimental data in the frequency domain, and
in the case of strongly coupled disks (i.e. probe polarized parallel to the symmetry axis)
they observed two peaks at 22 and 36 GHz and assigned them to the 70 nm and 40 nm
disks respectively. Additionally, the amplitude of those peaks varied similarly in shape and
position as a function of the probe wavelength (see Figure 3c), confirming plasmonic
coupling in agreement with simulations. Distinctly, when the probe pulse was polarized
perpendicular to the pair symmetry axis, the Fourier transform showed only the 22 GHz
peak of the 70 nm disk (Figure 3b), and the amplitude dependency to the probe wavelength
(Figure 3d) suggested an uncoupled large disk according to simulations. Hence, the antenna
enhancement on the small disk was controlled by the probe polarization.*® Another
plasmonically coupled nanostructure system was studied by Large et al. using transient
absorption and resonant Raman scattering. The authors compared coupled silver particles
aligned into columns to smooth columns of silver without any hotspots; and the authors
observed strong enhancement of the acoustic vibrational modes of the coupled
nanostructure only. In other words, when the excitation polarization was chosen to excite
the hot spots, a new acoustic vibration band was experimentally observed that was only
theoretically predicted for the coupled nanostructure, and not for a smooth column.® These
ultrafast transient absorption studies demonstrated unique features in the electron dynamics
of plasmonically coupled substrates, similar to nanostructures used in ultrafast SERS
studies.
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Figure 3. Transient absorption studies on a pair of gold disks of 40 and 70 nm, where the larger acts as an
antenna. In this nanostructure, the polarization of the probe light determines the coupling strength between the
disks. The upper row (a, c) shows the strong antenna-nanoparticle coupling case, as the probe pulse is
polarized along the symmetry axis of the structure. The lower row (b, d) shows the weak coupling case, when
the polarization of the probe is perpendicular to the symmetry axis of the pair. The response of the 40 nm
particle and of the antenna (70 nm) are drawn in red and black, respectively. The insets in a and b are
examples of transient transmission traces, monitoring the lattice vibrations at their maximum signals obtained
with 800 nm pump pulses and 710 nm and 605 nm probe pulses, respectively (a,b). The Fourier
transformation of such transient transmission traces (a, b) show a mode at 22 GHz which was assigned to the
vibrational response of the antenna; and only in the strong coupling case (a) a mode at 36 GHz which was
assigned to the 40 nm nanoparticle based on theoretical predictions. The oscillations amplitude dependency to
the probe wavelength are shown in ¢ and d; and in the first one both modes vary similarly in amplitude and
shape, suggesting again strong correlation between them. The error bars show the standard deviation. The line
is a guide to the eye. Adapted from reference **. Copyright © from 2011 Macmillan Publishers.

These ultrafast transient absorption studies demonstrated unique features in the
electron dynamics of plasmonically coupled substrates, similar to nanostructures used in
ultrafast SERS studies; emphasizing the dynamic nature of LSPR resonances and hot spots,
and their possible interactions with interfacial molecules on the femtosecond time scale.

2.3 Molecule-plasmon interactions and the origins of ultrafast Raman spectroscopy
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As was demonstrated in the previous section, it is important to study the ultrafast
dynamics of molecules and plasmonic SERS substrates as a coupled system and not
independently. The effect of plasmonic substrates on coupled molecular dynamics is not yet
well-understood for many reactions and nanostructures.”® " *° Therefore studying
plasmonic influences on analyte molecules could help inform an overall understanding of
molecule-plasmon interactions in ultrafast SERS. Here we discuss some relevant studies.

There is now clear evidence for strong interactions between a localized surface
plasmon resonances and a molecular transition when the molecules are in close proximity
to a nanostructured surface.”® > *'® For example, this has been clearly demonstrated in
several studies addressing the interaction of molecular excitons of J-aggregates and
plasmonic nanostructures.”’* Molecular excitons are electron—hole pairs bound by the
Coulomb potential and when coupled to metal nanoparticles, the excitation may not be
purely molecular.”® For example, Wiederrecht and coworkers investigated silver
nanoparticle/cyanine J-aggregate hybrid systems and observed reversible photoinduced
charge transfer with silver nanoparticles that does not take place on the bulk metal where
the exciton is quenched.”” Also, the authors investigated the coherence of such interaction
for gold and silver nanoparticles observing that the excitons of J-aggregate coated metal
nanoparticles were coupled coherently to the dipolar responses of both metals but in
different ways; highlighting the importance of the plasmonic material involved.'® Strong
plasmon-exciton coupling might result in anticrossings of the hybrid plexcitonic (i.e.,
mixed exciton-plasmon) dispersion curves and the formation of two hybrid energy states
separated by a Rabi splitting energy.' '™ ''° This is illustrated in Figure 4, that includes
studies of cyanine dye (TDBC) J-aggregates coupled to silver nanoprism plasmons at
ambient conditions.'®” Figure 4a shows the optical properties and chemical structure of the
TDBC molecule, Figure 4b shows the scattering spectrum for a single silver nanoprism,
and then Figure 4c illustrates the effect of coupling both. In Figure 4c, the scattering
spectrum of such coupled plasmon-exciton system shows a dip between two branches (o
and o.), that is the Rabi splitting. Interestingly, upon laser-induced degradation of the
molecular J-aggregate, the plasmon-exciton coupling gradually disappears (see Figure 4d).
These observations highlights the optical consequences of molecule-plasmonic interactions,
and is especially relevant to degradation observed in ultrafast SERS experiments (as will be
discussed in section 4).'%

Page 10 of 54



Page 11 of 54 Chemical Society Reviews

o J aggregate TDBC

= ,

2 cl %Hs (I:ZHS cl
3 JOw PP DY
5 \ w

3 ) cl T*/ AN T Cl
&’ . ) A C4HgSO5Na* C4HgSOyNa*

Ag nanoprism

(d) Strong coupling

Scattering (a. u.)
Scattering (a. u.)

Y+ =200 meV 7y =130 me;l
500 550 600 650 700 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 4. Example of molecular excitons and nanoparticle plasmon coupling. (a) Extinction spectrum of
TDBC J aggregates in water, scheme of a J-aggregate sheet and TDBC molecular structure. (b) Scattering

spectrum of a bare silver nanoprism with the plasmon resonance energy (M) and its full width at half

maximum (Y, ). (c) Scattering spectrum of single nanoprism strongly coupled to J aggregates, resulting in a
pronounced scattering dip and hybrid plasmon-exciton branches (. and w- ). (d) Scattering spectra of a
strongly coupled plasmon-exciton system with a Rabi splitting -dip in purple trace-, that vanishes away after
molecular degradation. Adapted from reference '**. Copyright American Physical Society 2015.

Time-resolved techniques, other than transient absorption, have also been used to
study the interaction of molecules with SERS active substrates.''''* For example, Sawada
and coworkers used transient reflecting grating to investigate the SERS response of various
chemisorbed molecules on gold nano-roughened substrates. Sawada and coworkers found
that the SERS response was dependent on electron transfer from the excited state of gold to
the adsorbed molecules. More precisely, a larger number of charge transfer electrons would
trigger a larger SERS band enhancement. This finding helped to support the basis of the
chemical mechanism of SERS, mentioned in Section 2.2 M2

An alternative way of evaluating how ultrafast lasers could alter SERS signals is by
studying vibrational pumping. Vibrational pumping refers to the increase in higher excited
vibrational state population due to SERS Stokes scattering.'"* It has been reported that
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vibrational pumping is observed when anti-Stokes to Stokes SERS intensity ratios are
higher than those predicted by Boltzmann distribution with increasing excitation power.''™
"% However there is controversy concerning the mechanism causing vibrational pumping
and the roles of Raman scattering''* and electronic excitation.''® Kozich et al. addressed
this question with sub-picosecond time resolved SERS spectra of Rhodamine 6G in a
colloidal silver solution. Kozich et al. estimated the vibrational excess populations
accumulated for the different modes of Rhodamine within the pulse duration by comparing
ps pulsed and cw excitations.''® To monitor the temporal evolution of vibrational
populations the authors applied a one color (i.e. one wavelength) pump-probe SERS
scheme. The pump-probe anti-Stokes SERS spectra were recorded for different delay times
and the spectrum recorded at a delay time of 15 ps was subtracted from the rest as a
reference. In the difference spectra, the intensity of the three main bands reaches a
maximum for a delay time of 1 ps and then decays. From the observed temporal evolution
of the anti-Stokes to Stokes SERS intensity ratio, the authors determined that the
population of Raman-active modes at higher frequency was more enhanced compared to
calculated thermal population distributions and concluded that the electronic excitation
causes the vibrational pumping.'*® These results support the development of ultrafast
Raman spectroscopies and show that time-resolved investigations are advantageous for
mechanism evaluation and overall understanding of molecule-plasmon interactions under
pulsed irradiation.

Modulation techniques are frequently employed in ultrafast studies and Raman
spectroscopic measurements to improve signal to noise ratios (SNR). For example,
stimulated Raman gain''” and Kerr gating'"™ ' techniques can enhance sensitivity by
suppressing fluorescent background. In 1999, Matousek and coworkers demonstrated the
effectiveness of picosecond Kerr gating for fluorescence background rejection by
measuring the time-resolved spectra of p-quaterphenyl from solutions contaminated with a
fluorescent dye ''* as well as by following the dynamics of the intramolecular charge
transfer state of 4-dimethylaminobenzonitrile in unleaded petrol.''” In 1979 Levine et al.
proposed to use stimulated Raman gain for studying surface vibrational spectroscopy with
an optimized experimental set-up.''” This approach involved picosecond pump and probe
beams synchronously mode-locked, with amplitude and frequency modulations to
maximize the signal-to-noise ratio. The authors successfully detected the Raman gain
spectrum of p-nitrobenzoic acid on a thin film of plasmonically-inactive alumina'®® as well
as submonolayer coverage of a resonant Raman probe, ''” which evidenced this approach as
a promising way of following molecule-substrate dynamics.

To conclude this section, we would like to reinforce that electron dynamics of
isolated metallic nanostructures are strongly related to the plasmon resonance of the system
as was shown in the pump-probe transient extinction experiments discussed in Section 2.3.
In molecule-plasmon coupled systems, molecular transitions can be affected in varied
degrees by the plasmonic nanostructure; where often the molecular and plasmonic electron
dynamics mutually affect each other. Finally, in order to study coupled molecule-plasmon
systems with vibrational spectroscopies, ultrafast techniques including pulse polarization,
frequency, and amplitude modulation, such as Kerr gating and stimulated Raman gain, are
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advantageous. These advances demonstrated the power of ultrafast Raman spectroscopies
as well as important dynamics to consider in coupled molecule-plasmon studies.

3. Ultrafast SERS and related techniques

One of the major aims of ultrafast spectroscopy is to study molecular dynamics by
tracking nuclear and electronic motion, as well as the coupling of these motions, on their
inherent timescales. An important question has been whether these dynamics can be
observed on the single molecule level. Towards this goal, a number of approaches have
been developed that combine the molecular sensitivity provided by SERS with the time-
resolution of ultrafast spectroscopy.  These surface-enhanced ultrafast vibrational
spectroscopies not only work towards the limit of watching single molecules react in real-
time, but also allow us to study unique dynamics near plasmonic surfaces for application in
plasmonically-enhanced photovoltaics and catalysis as well as in plasmon-mediated
chemistry.

The enhancement observed in spontaneous surface-enhanced Raman spectroscopy
has been applied to many non-linear processes including second harmonic generation, sum
frequency generation, hyper-Raman scattering, coherent anti-Stokes Raman scattering, and
femtosecond stimulated Raman scattering. Figure 5 provides a guide to the differences in
these vibrational spectroscopies using energy diagrams to help illustrate the pulses and
resonances used. In this section we discuss advances in combining surface-enhancement
from plasmonic materials with ultrafast vibrational spectroscopy of molecules. We focus
on highlighting the most successful ultrafast surface-enhanced Raman and related
spectroscopic techniques for an in-depth discussion of what this field has accomplished.
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Figure 5. The above diagrams depict the different energies of photons and interactions used for the
vibrational spectroscopies discussed in this section. Sjrefers to the ground state, v, is a real vibrational state,
and the top dashed lines depict either real or virtual states depending on resonance conditions. The colored
arrows depict interactions labeled as w for infrared (IR) absorption, wp, for probe interactions, wp, for pump
interactions, ws, for Stokes shifted frequencies, w,g for anti-Stokes shifted frequencies, wsyg for second
harmonic generation (SHG), wspg for sum frequency generation (SFG), wrpsrs for femtosecond stimulated
Raman scattering (FSRS), and wcars for coherent anti-Stokes Raman scattering (CARS).

3.1 Surface-enhanced sum frequency generation (SFG) and second harmonic
generation (SHG)
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The first surface-enhanced ultrafast spectroscopies that we will discuss are not
exclusively Raman spectroscopies, but techniques that rely on Raman scattering and are
therefore similarly enhanced with plasmonic substrates. Just as SERS provides vibrational
information and dynamics for surface adsorbates or molecules near plasmonic surfaces,
sum frequency generation (SFG) is a powerful tool for investigating interfaces.'”' ' SFG
involves a visible beam and an IR beam that are temporally and spatially focused at an
interface. The SFG signal results from a coherent combination of an infrared and a Raman
transition of the molecules at the interface; with light emitted at the sum frequency of those
transitions, as indicated by the energy diagram for SFG in Figure 5. Second harmonic
generation (SHG) is a more specific form of SFG in which both incident photons are equal
in energy (and thus the resulting SHG is twice the frequency of the incident photons).
Though SHG is not a Raman scattering technique, we briefly mention it here in relation to
SE-SFG experiments as they often are associated. Since SFG is an inherently nonlinear
coherent spectroscopy that is y'?) in nature it is generated only from a medium with a lack
of inversion symmetry and thus is ideally suited to overcome sensitivity issues when
attempting to selectively study the dynamics of a small number of molecules on a surface
or at an interface (where symmetry is broken). Thus a number of SHG and SFG studies
have been done on metal substrates, most without taking advantage of plasmonic
enhancements.'** ' However, nanostructured plasmonic surfaces can be used to enhance
often weak molecular SFG and SHG signals for higher sensitivity and potentially the study
of molecule-plasmon interactions. In this section we will briefly discuss examples of SE-
SFG and SE-SHG of molecular species on plasmonic surfaces.

The first demonstrations of SE-SHG of molecular analytes was by Chen et al. in the
early 1980°s."*® They compared SERS and SE-SHG of silver cyanide and silver chloride
adsorbates on roughened silver electrodes, finding that both the Raman and SHG processes
were enhanced by the plasmonic substrate. They reported enhancements of 10* for SERS
and 10” for SE-SHG. The significant difference between these processes was attributed to
the fact that SE-SHG is inherently more sensitive to the molecular orientation and
symmetry due to the requirement of a lack of inversion symmetry for signal generation.
Using pulses of ~10 ns in duration, these results served as a proof-of-principle study for
future ultrafast SE-SFG experiments decades later.

One of the first uses of ultrafast SE-SFG to plasmonically enhance molecular
signatures was in the Benderskii group.'?” *® They used broadband femtosecond infrared
and narrow-band picosecond visible laser pulses to perform vibrational SFG studies on
gold nanoparticles of varied sizes (from 1.8 to 25 nm) functionalized with dodecanethiol.
Since SFQG is a sensitive probe of surfaces, even without plasmonic enchantments, detection
of dodecanethiol SFG spectra was possible at a few percent of a monolayer on
nanoparticles surfaces. Their results indicated that there is a dependence of the molecular
conformation of the ligand (dodecanethiol) on the nanoparticle size. These experiments
indicated the power of SE-SFG for the study of ultrafast plasmonics due to its sensitivity to
molecular configuration, which could play major role in plasmon-mediated reaction
pathways.

Additional advances were made by Pluchery et al., who measured enhancement
factors of 21 for the SFG signal from thiophenol on gold nanoparticles compared to
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Au(111) surfaces.'”® Thus they demonstrated that SE-SFG allowed not only for the study
of molecular adsorbates with surface specificity but also a direct chemical probe of capping
layers on the surface of nanoparticles. Towards the goal of studying reaction dynamics
using SE-SFG, Beladelli et al. were able to study the absorption of CO on platinum
nanoparticle arrays compared to thin films."*” They measured enhancements of ~10 for
CO adsorbed at 1 atm on nanoparticles of 45-nm diameter, paving the way to study
catalytic reactions under typical reaction conditions. Similar enhancement factors have
been reported by Tsuboi et al., with EFs of 3x 10’ for the enhancement of SHG from gold
nanospheres immobilized by amine terminated self-assembled monolayers on a gold
surface.””’ A number of other studies have used plasmonic substrates to enhance SFG
signals, but have observed enhancement factors of only one or two orders of magnitude or
did not explore the magnitude or mechanism of plasmonic enhancements at all.”**'** Thus,
while the enhancement factors for SE-SHG and SE-SFG tend to vary by orders of
magnitude, it is clear that the power of this inherently surface-selective technique can be
combined with the sensitivity provided by plasmonic enhancements in order to study
molecular dynamics in the future.

3.2 Surface-enhanced hyper Raman scattering (SEHRS)

Hyper-Raman scattering (HRS) is an inelastic sum-frequency scatter from two
photons, distinct from normal Raman scattering (NRS) which results from scattering of a
single photon. As depicted in Figure 5, two photons at frequency w inelastically scatter
from a ground state to a virtual state with energy equal to 2m - @, corresponding to Stokes
scattering (or 20 + i corresponding to anti-Stokes scattering). HRS is an intrinsically
weak process with scattering cross-sections on the order of ~ 10 cm?, comparable to the
product of two linear NRS events and commonly uses ultrafast pulsed lasers to drive the
HRS process with high peak powers.135 The low HRS cross-sections result in weak
transition probabilities, requiring enhancement to provide sufficient signal-to-noise for
identifying molecular signatures. One method of enhancement uses molecular electronic
resonance: resonant hyper-Raman scattering (RHRS) where a molecular electronic
transition corresponds to the sum frequency of the incident photons. A second method that
is often used with resonant enhancement is surface-enhancement (SE-) which leads to large
enhancement factors on the order of 10'® — 10' over non-plasmonically enhanced
nonresonant HRS."*% %7 While the field of HRS is diverse,'*® we will focus specifically on
surface-enhanced hyper-Raman scattering (SEHRS) that is done with picosecond and
femtosecond pulsed lasers to drive the nonlinear surface-enhanced Raman process.

The first SEHRS spectra obtained with picosecond excitation was from the Van
Duyne group in 1988."* This early report of SEHRS is one of few that contain both
experiment and theory for the vibrational assignments. Experimentally, the group observed
SEHRS of pyridine on a roughened silver working electrode. This study showed an
enhancement factor of 10" for SEHRS compared to bulk HRS.'* These results
demonstrated that SEHRS could be a useful technique combining ultrafast pulses and
surface-enhanced Raman.

An early report of SEHRS with picosecond pulses came from the Yu group at the
Georgia Institute of Technology in early 1990.'* The Yu group reported effects of pulse
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compression in resonant and non-resonant surface-enhanced hyper-Raman scattering to
demonstrate the feasibility of SEHRS using lower-average-power laser systems. For
SEHRS of basic fuchsin and 3-hydroxykynurenine in Ag colloidal solutions, the Yu group
observed increased SEHRS intensity by factors of 7 and 11 in the resonant and nonresonant
cases respectively after compressing the pulses from 100 to 5 picoseconds at an 82 MHz
repetition rate and only 0.1 W of average power.'*

After this initial work, SEHRS was extended to a variety of strong Raman scatterers
including Rhodamine 6G (R6G), crystal violet (CV), and Ru(bpy)s in Au,'"! Ag,m’ 2 and
Cu colloidal solutions."*' Interestingly, in a Ag colloid — CV analyte system, the
electromagnetic contribution to SEHRS was determined to be greater than SERS by six
orders of magnitude.'* Using the same Ag-CV system, the Seifert group studied two-
photon resonant and pre-resonant conditions in SEHRS to examine wavelength dependence
of the plasmonic enhancement and observed an estimated maximum total enhancement
factor of 10'* for SEHRS compared to normal Raman scattering.””’ The electromagnetic
enhancement factors observed in SEHRS suggest higher electromagnetic enhancement
factors can be attained by introducing more laser — molecular plasmonic system interactions
in higher order nonlinear spectroscopies. This idea is further explored by the SECARS and
SE-FSRSprocesses, to be discussed later in Sections 3.3 and 3.4 of this review. The
SEHRS results also demonstrate the potential for ultrafast SERS techniques not only to
study complex reaction dynamics, but also as a mechanism for sensitivities even higher
than can be achieved with SERS.

The SEHRS field has moved past initial proof-of-principle experiments to begin
exploring the limits and potential applications of the technique. Recently, the Camden
group achieved single molecule sensitivity'*® and characterized single-photon forbidden
excited states.'*® Using a Ag-CV colloid system, a conclusive proof of single molecule
sensitivity was obtained by observing separate deuterated and non-deuterated CV
isotopically labeled vibrational spectra.’*® To observe an optically dark electronic state in
NRS, SEHRS can be used due to the weaker selection rules and two-photon resonant
condition. Using SEHRS in a wavelength scanned experiment, they characterized the
excited state vibrational modes of R6G from three singlet excited states: S;, the one-photon
inaccessible S,, and S3.'* With these results, the Camden group not only demonstrated the
high sensitivity of SEHRS as an nonlinear SERS technique using ultrafast pulses, but also
its potential application for the study of excited states.

SEHRS has also explored the applicability of nonlinear SERS techniques to
biologically-relevant applications. Due to the two-photon resonant condition of SEHRS,
wavelength dependent features of complex media can be exploited, such as the limited laser
excitation and signal detection transmission ranges in biological samples. An early
biologically relevant SEHRS study was performed by the Kneipp group where they
recorded SEHRS of amide I and II stretches and DNA C-O stretches.'*> This was the first
foray into using SEHRS as a vibrational spectroscopy analog to two photon fluorescence
for molecular characterization in cells. To further push SEHRS for biological applications,
the Camden group used short-wave infrared (SWIR) excitation to perform SWIR hyper-
Raman microscopy.'* The SWIR region for excitation has numerous advantages in
biological microscopy studies as the wavelength has demonstrated vastly improved
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penetration depth in comparison to the more common 800 nm excitation using in
microscopy.'® In addition, the wavelength of the SEHRS scattering is in a region that is
weakly absorbed."> 1" 12 Using SWIR microscopy, the Camden group observed SEHRS
of R6G and benzenethiol on silver colloids to demonstrate the use of SEHRS for future
biological applications.'*

SEHRS has expanded from its beginnings as a proof-of-principle second order
nonlinear Raman scattering process.'*” '*! This nonlinear SERS technique has combined
ultrafast pulses and plasmonic enhancements to characterize biological samples, '*> '** one-
photon forbidden electronically excited states,'” and single molecule-plasmon
aggregates.'>® The future of SEHRS as a useful spectroscopic and microscopic technique
will depend on applying its unique second-order nonlinearity,"** '*® multiphoton plasmonic
enhancement, ~ and intrinsic frequency doubling to take advantage of wavelength
dependent extinction in complex media.'** SEHRS’s strength as a nonlinear SERS
technique is that is uses plasmonic enhancements for extremely high sensitivity in what

would otherwise be a useful, but weak process.
3.3 Surface-enhanced coherent anti-Stokes Raman scattering (SECARS)

One of the early attempts at improving weak Raman scattering for vibrationally
sensitive molecular spectroscopy was coherent anti-Stokes Raman scattering (CARS).'"’
CARS is a nonlinear Raman scattering process that is third order (x*)) in nonlinear
polarization and has advanced rapidly over the years for spectroscopic and imaging
applications. "*"°! The broad literature for CARS has been well reviewed previously'>*'>*
and for the purpose of this review we focus solely on CARS experiments that combine the
CARS process with plasmonic enhancement of the exciting and/or signal fields.

3.3.1 CARS

A typical CARS experiments utilizes pump (wp,) and Stokes (ws;) fields which
interact in a media, creating a third order nonlinear polarization CARS signal (was). When
the frequency difference of the pump and Stokes fields match the frequency of a Raman
active mode, the Raman mode is coherently driven by the excitation fields. The resonantly
driven Raman mode generates a new field that is spectrally removed from the excitation
fields as an anti-Stokes shift from the pump field at was = 2op — wSt.lsz Since signal
generation is dependent on selection of incoming beam frequencies, phase matching
conditions of the excitation and signal fields are used to maximize CARS signal, as
diagrammed in Figure 7a. The phase-matching conditions in CARS are typically met by
one of three experimental conditions: a collinear geometry with proper frequencies of the
excitation fields; spatial arrangement of excitation fields, most typically a BOXCARS
arrangement (Fig. 7b); or high numerical aperture (high-NA) focusing conditions, like that
in a microscope (Fig. 7¢)."”* 1>
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Fig. 6: a) General phase matching (k) conditions of both forward CARS (f-CARS) and epidirectional CARS
(e-CARYS) for the pump (pu), Stokes (St), and anti-Stokes fields (AS) for CARS signal generation. b) f~-CARS

BOXCAR phase matching experimental geometry showing frequencies (®). ¢) High numerical aperture
(high-NA) phase matching experimental geometry using microscope optics.

Using a combination of improved CARS experimental techniques and plasmonic
substrate synthesis, surface-enhanced coherent anti-Stokes Raman scattering (SECARS)
has developed into one of the most promising fields of plasmonically-enhanced ultrafast
Raman spectroscopy.'>® In this section we discuss the initial fundamental experimental
studies of SECARS, theory of SECARS to better understand experimental conditions and
enhancement factors, and the most recent developments in SECARS: single molecule and
time-resolved studies.

3.3.2 Fundamental studies of plasmonic enhancement in SECARS

The first report of SECARS came from the Shen group in 1979."7 Like other early
studies of CARS,'" Shen focused on a system of benzene adsorbed on silver surfaces.
They obtained a CARS spectrum of the 992 cm™” mode of neat benzene as a control
experiment while measuring the SECARS spectrum of benzene on a silver surface in
parallel. By exciting the surface plasmons in the silver film, they observed a plasmonically-
enhanced CARS signal. Even in this early report, the power of SECARS was suggested to
probe sub-monolayer assemblies of molecules on surfaces.'”’ As we will see in Section
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3.3.4, this early prediction was recently verified and extended beyond sub-monolayer
coverage to the single molecule limit.” ' '°® After this initial study, Liang et al. continued
work of SECARS by studying mixtures of benzene, N,N’-dimethylformamide, toluene, and
chlorobenzene in Ag colloidal solutions.'” Liang et al. used a Q-switched nanosecond
Nd:YAG laser to pump two dye lasers for the pump and Stokes pulses. Using the tunability
of the dye lasers, they tracked the EF of the 992 cm™ mode of benzene as a function of
pulse wavelength and saw strong pump wavelength dependence. As the pump was tuned
from 458 nm to 521 nm, an optimum enhancement was observed near 500 nm; likely close
to the aggregate Ag colloidal LSPR.'® This highlights the importance of substrate
characterization in modern ultrafast SERS techniques, so as to tune pulses for ideal
enhancement. While the authors observed SECARS from a variety of analytes, the EFs
reported were only on the order of 10> over CARS.

To simplify the phase-matching requirements in SECARS, the Kawata group
applied the high-NA CARS microscopy technique'* '® to perform SECARS
microspectroscopy.'® The experimental setup involved two synchronously pumped
Ti:Sapphire oscillators that were collinearly focused into an objective, and the SECARS
signal was recorded from adenine reporter molecules on single Au particle aggregates. The
researchers suggested SECARS microspectroscopy could be used to image localized hot
spots as only few nanoparticle aggregates with presumably highly enhancing hot spots'®
gave the overwhelmingly largest CARS signal. However, similar to previous SECARS
attempts, the EF observed was only 2-6 x 10° over CARS, far lower than the typical 10°
enhancements seen in SMSERS.*

The Popp group was the first to apply the methods of SECARS to biological
applications.'® Schliicker et al. employed SECARS to demonstrate a new method of
immunohistochemistry coupled with microscopy to improve optical contrast in biological
specimens. Using alloyed plasmonic Au/Ag nanoshells, the authors grew self-assembled
monolayers of Raman reporter molecules (DTNB) on the nanoparticle surface and then
incubated the substrates in a solution of p63 antibodies (IgG). The completed nanoprobes
were then incubated in slices of prostate tissue. They used SECARS microscopy to observe
high contrast images of the p-63 antibody tagged nanoprobes in the prostate tissue
conjugated with p63-(+) basal epithelium and p63-(-) secretory epithelium by tuning the
CARS pulse sequence spectrally to be in resonance with a DTNB vibrational mode. This
paper clearly suggests the future use of SECARS for its sensitive vibrational imaging and
the possible rapid detection of target molecules in complex biological specimens.

In 2009 the Turner group plasmonically enhanced SHG and CARS signals using
self-assembled gold nanoparticle substrates.'® Addison et al. deposited layers of 14-nm
gold spheres on a glass substrate using dithiol linker molecules to connect nanoparticles in
the presence of an oxazine 720 analyte. SECARS signal of oxazine 720 was recorded at
1600 and 3000 cm™ to monitor the plasmonic enhancement of the CARS signal with a
maximum enhancement of 10 over CARS.'® Steuwe et al., also explored new plasmonic
substrate designs by recording SECARS of benzenethiol on in-house produced substrates
and a commercial plasmonic substrate, Klarite.'®® SECARS showed excellent imaging
capabilities, reproducing the SEM-determined structure of Klarite by SECARS imaging of
a single vibrational mode in benzenethiol. The enhancements for the in-house fabricated
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substrates reported were on the range of 10°-10'" over NRS of benzenethiol. Therefore
these were the first highly enhancing SECARS substrates as previous studies consistently
showed EF’s of 10'-10°.'% % 19 With the enhancements observed in this study, the
authors suggest that this approach may allow for better photostability in single molecule
spectroscopy.

The fundamental studies of SECARS done since the first work in the Shen group157
have focused on observing various organic analytes in colloidal solutions,"”® demonstrating
biological imaging,'® new experimental CARS microscopy techniques,'®* and improving
substrate selection in SECARS.'**'% The understanding these initial works provided of
optimal experimental design choices for both laser and substrate parameters in SECARS
was critical to the later successes of the SECARS field that we will discuss in the following
sections.

3.3.3 Theoretical studies of SECARS

Based on the results of the Shen group,"’ the Kerker group developed an early
theoretical framework for the plasmonic enhancement in SECARS.'®” Chew et al.
considered a system of benzene on Ag nanospheres in solution similar to the system probed
by Shen."”” While the theoretical system Chew et al. described didn’t include the ‘hot
spots’ that are thought to be the dominant source of highly enhancing Raman signal,'® they
predicted enhancement factors up to 10*' over CARS. This early recognition that the
multiple coupled fields in CARS all can be enhanced by the plasmon oscillation of the
nanoparticle gave predictions based on all fields being resonant with the plasmonic
substrate. However, with more realistic experimental considerations including phase-
matching and solid angle signal collection, still with all optical fields being plasmonically

resonant, the generally accepted enhancement factors of SECARS have been lowered.'* 1%
170

A significant improvement on SECARS theory came from the Aspuru-Guzik group
who studied issues associated with modeling SECARS spectra as well as why the originally
predicted high EFs'®” have yet to be observed experimentally.'®® One of the difficulties in
modeling SECARS spectra is expressing the resonant and nonresonant CARS
susceptibilities in simple forms. Significant progress was made on the relevant
susceptibilities for SECARS by reducing ¥’ to a product of dynamic y" susceptibilities.'”"
Using the product of linear susceptibilities, they modeled a few molecular systems
including pyridine on Ag cluster complexes. From their calculations they showed
enhancement factors between zero and 700 depending on surface adsorption effects in the
HOMO-LUMO gap of the pyridine-Ag complex. In addition the authors discuss some of
the issues that may contribute to the lack of large EFs; primarily the idea of phase-matching
near metal surfaces, background signals from other ¥ processes, and vibrational
dephasing. While spontaneous Raman scattering experiments have weak dependence on
vibrational dephasing, the SECARS spectra will be affected due to the resonant CARS
wavepacket needing to pass through a vibrational coherence and interact with an optical
field again to contribute signal. Hence, the understanding of the observed plasmonic
enhancement in coherent Raman techniques goes beyond the simple optical field plasmonic
enhancement in SERS.'® To understand the plasmonic enhancement of SECARS, or any



Chemical Society Reviews

other surface-enhanced coherent Raman scattering experiment, one must take full
consideration of both the coherent scattering process and the plasmonic field enhancements.

Continuing to consider the phase-matching effects near metal surfaces that were
proposed by the Aspuru-Guzik group,'®® the Scully group provided a theoretical and
experimental study that attempted to address the lack of high EF’s in ensemble colloidal
SECARS measurements.'® The researchers postulated that the weaker-than-predicted EFs
in SECARS arise from the phase mismatch between the optical fields present in the
coherent scattering process of SECARS and the phase of the plasmonically-enhancing field.
Using SECARS experimental data of pyridine on Au nanoparticle aggregates, they
provided simulations that reproduced the observed varying spectral line shapes (positive,
negative, and dispersive Lorentzian) that varied with respect to the phase of the exciting
fields with the plasmon resonance. To further understand the spectral line shapes indicative
of molecular resonance effects,'’” the Scully group focused on a pyridazine —gold
nanoparticle system.'’’ In their study, the line shapes could be explained by arguing that the
spectra observed are dependent on two separate pyridazine-gold complexes that vary in the
number of gold atoms over which the pyridazine frontier orbitals are delocalized. The
combined work of the Scully group has established the need for considering different
interference effects of the excitation and signal fields and the molecule-nanoparticle system
at an atomistic level for explaining SECARS spectra.

Theory of SECARS has evolved since the early work of the Kerker group.'®” The
SECARS theoretical community has understood that the observed plasmonic enhancement
factors in coherent Raman techniques aren’t as simple as plasmonically enhancing the
optical excitation fields. To fully understand surface-enhanced coherent Raman techniques,
a combination of phase-matching,'®*'"° vibrational dephasing,'®® signal interference,'® '
and plasmonic enhancement'®'™ are required. This work not only informs recent
experimental progress in SECARS but also highlights a number of important points to be
considered when studying the enhancement mechanisms of other ultrafast SERS
techniques.

3.3.4 Experimental progress in single molecule and time resolved SECARS

Two of the more exciting developments in the SECARS field are the recent proof of
single molecule sensitivity and observation of time-dependent phenomenon. Building on
the earlier works discussed, these achievements open the door to use SECARS to study
ultrafast molecular plasmonics.

Using high-NA SECARS microspectroscopy, the Berlin group had the first single
molecule SECARS claim.'*® The system was deoxyguanosine monophosphate (AGMP) in a
silver colloidal solution. The authors used two synchronized picosecond Ti:Sapphire
oscillators collinearly focused into a microscope objective and collected epi-direction
SECARS signal. Using this technique, a single vibrational mode of dGMP was observed at
concentration levels consistent with single molecule™* studies. However, no isotopologue,
bianalyte, or large statistical measurements were performed to provide definitive proof for
their single molecule claim.
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A bianalyte’ single molecule SECARS study was done by the Halas group in
2014."° Zhang et al. used SECARS microspectroscopy to obtain spectra of para-
mercaptoaniline (p-MA) and adenine on lithographically prepared Au quadrumers (see
Figure 7a). The plasmonic substrate was optimized for minimizing losses of the pump
wavelength and maximizing the scattering of anti-Stokes emission, as illustrated in Figure
7b and c. The quadrumer substrates were designed with a subradiant mode near the pump
and broad superradiant modes in the Stokes and anti-Stokes field regions. Experimentally, a
femtosecond 76 MHz Ti:Sapphire oscillator was used to generate the 800 nm pump and
drive continuum generation in a photonic crystal fiber for the Stokes pulse. These pulses
were then focused into a microscope and scanned across an array of the lithographically
prepared quadrumers to collect the spectrally resolved SECARS signal. With enhancement
factors of 10'! over spontaneous Raman scattering, the authors measured spectra of each of
the two analytes as well as mixed events with signatures from both (see Figure 7d). They
verified single molecule detection by building a histogram representative of single
molecule events by the bianalyte approach.'® With single molecule sensitivity, SECARS
can now be applied to an even wider range of potential applications.
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Figure 7. a) Schematic of quadrumer substrate structure used in SECARS study. b) LSPR of quadrumer
substrates where the green dashed line indicates the pump pulse, red shaded region indicates the bandwidth of
the Stokes pulse, and the blue shaded region indicates the anti-Stokes signal region. c¢) Diagram of the
subradiant (top) and superradiant (bottom) hybrid plasmon modes. d) Experimental data of single molecule
SECARS. The top two traces show single analyte behavior while the bottom trace is an example of a mixed
event. Adapted by permission from Macmillan Publishers Ltd: Nature Communications reference 10
copyright 2014.
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The second important development in the field of SECARS is the study of ultrafast
dynamics. Introduction of time resolution to SECARS came in 2012 from the Scully
group.'” The first report of TR-SECARS analyzed pyridine-water complexes on gold
colloids. In particular, the work was significant as it showed the use of pulse-shaping and
timing delays to suppress the nonresonant background signal from the plasmonic particles.
By temporally delaying a sinc-shaped probe pulse,'”” the authors observed the ring
breathing mode of a pyridine-water complex and vibrational dephasing times greater than
ten picoseconds for pyridine near nanoparticles. This first work on TR-SECARS reported

an enhancement factor of 10’ for TR-SECARS compared to bulk CARS.

Bringing together single molecule spectroscopy with time resolution, the Apkarian
group performed the first single molecule time-resolved SECARS study.” Using silica-
coated Au nanoparticle aggregates with trans-1,2-bis(4-pyridyl)-ethylene (BPE) as a
reporter molecule, Yampolsky et al. performed TR-SECARS and observed quantum
beating of vibrational modes indicative of a single molecule. This beating behavior was
verified by simulated probability distribution functions of the noise in early time responses
seen in Figure 8c. At a repetition rate of 80 MHz, the pump and probe pulses at 714 nm and
the Stokes pulse at 809 nm drove the oscillation of the strong 1640 cm™ vibrational mode
in BPE seen in Figure 8b. The time resolution of this experiment allowed for monitoring
the vibrational beating of between the 1647 and 1612 cm™ modes over long periods of time
relative to plasmon dephasing processes. In the bulk SECARS experiment, the beating dies
in approximately one picosecond, however in the single aggregate experiment, the beating
persists for the entire ten picosecond experimental window, seen in Figure 8c. This
suggests that the vibrational dephasing on the single aggregate level is not strongly
perturbed by the near-field LSPR. This illustrates the potential of single molecule
photoexcited studies near plasmonic surfaces.
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Figure 8. a) (Left) Bulk TR-CARS spectrum of BPE (brown curve) with the windowed Fourier transform of
the bulk normal Raman spectrum (grey curve). (Left, inset) bulk normal Raman spectrum of BPE (pink
curve), transient SERS spectrum (blue curve) of nanoparticle substrate that TR-SECARS transient in (b) is
displayed. (Right) probability distribution function (PDF) and first moment derived from transient SECARS
spectrum on left. b) (Left) Experimental transient TR-SECARS of single particle that shows distinct long
lived quantum beating of the vibrational modes indicated in the green stick spectrum of the inset of (a).
(Right) PDF and first moment showing the single molecule behavior indicated by moment of ~0.5. c¢) (Left)
Simulations of one (green curve) and two (blue curve) molecule quantum beating at long transient times.
(Right) PDFs and first moments for simulated one and two molecule quantum beating data showing the
expected moment of ~0.5 for a single molecule. Adapted by permission from Macmillan Publishers Ltd:
Nature Photonics reference °, copyright 2014.

SECARS has grown considerably from the initial report of enhanced benzene
CARS spectra on a silver film."”” The field has now proven single molecule sensitivity,” "
ultrafast time resolution,” ' and biological relevancy.'® In addition, theoretical studies
were developed'® "7 to explain the observed EFs and line shapes. SECARS is one of the
more widely used ultrafast SERS techniques. Thus as one of the most well-developed tools
to study coupled molecule-plasmon systems, SECARS will continue to grow as a method
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of single molecule, time-resolved spectroscopy to track chemistry on ultrafast time scales
near plasmonic surfaces.

3.4 Surface-enhanced Femtosecond Stimulated Raman Spectroscopy (SEFSRS)

Another recent successful combination of ultrafast nonlinear Raman spectroscopy
with SERS was the first demonstration of surface-enhanced femtosecond stimulated Raman
spectroscopy (SEFSRS) in the Van Duyne group.'”

3.4.1 FSRS and early attempts to incorporate plasmonic substrates

Femtosecond stimulated Raman spectroscopy (FSRS) is a relatively new time-
resolved technique which enables the acquisition of vibrational spectra with ultrafast time
resolution.'”®!”® FSRS is a nonlinear Raman spectroscopy that utilizes stimulated Raman
scattering to overcome fluorescence and the inherently low Raman cross section of most
molecules, as discussed in Section 2.2. This technique allows for the one-shot acquisition
of a broad, high-resolution Raman spectrum at varying time delays after photoexcitation for
both high spectral (typically 5-20 cm™) and temporal (10-100 fs) resolution. Ground state
FSRS spectra are obtained when a narrow bandwidth picosecond Raman pump pulse and a
broadband femtosecond probe pulse simultaneously interrogate a Raman active analyte. As
depicted in Figure 5, the probe and Raman pump pulses first interact with a molecule,
establishing a vibrational coherence. A second interaction with the pump pulse then leads
to the stimulated emission of a Stokes-shifted photon when energy is transferred from the
Raman pump to the stimulating probe at the frequency shifts of Raman-active modes in the
interrogated molecules. This leads to sharp bands which are Stokes-shifted from the
narrowband Raman pump on top of the broad probe spectrum (see Figure 9). A FSRS
spectrum is produced by dividing Raman pump “off” spectra from Raman pump “on” to
give Raman gain as a function of Raman shift. This implementation provides information
on ground state vibrational frequencies, and with a stimulated Raman setup, all Raman
information is emitted in a heterodyned fashion, enabling easy setup and data acquisition.
To study molecular dynamics, FSRS utilizes a femtosecond actinic pump pulse to first
photoexcite a molecular system before the probe and Raman pump pulses interact with an
analyte. The structural evolution of the excited state is subsequently probed at various time
points during a reaction. The evolution of the vibrational spectrum during a chemical
transformation provides key structural data on the reaction mechanism.
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FSRS in the Energy Domain
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Figure 9. Representation of the pulses used in FSRS. The energy domain demonstrates how a broadband
probe just red shifted from a narrowband Raman pump pulse interrogates a broad Stokes shifted region of a
Raman spectrum. A Raman spectrum is obtained when the probe pulse spectrum is divided out, as seen
above the probe spectrum. Figure reproduced from reference '’*. Copyright, 2011 by WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

This novel approach has been used to reveal study excited state vibrational
dynamics in a number of biological systems,'””"®' photovoltaic materials,'**'* and more.
For example, FSRS was used to investigate important structural changes that control
ultrafast processes including proton transfer in green fluorescent protein®” and state changes
during ultrafast intersystem crossing in the dye tris(bipyridine)ruthenium(II)

2+ 187
(Ru(bpy)s™).

Despite its advantages, FSRS is typically limited to studying ensemble dynamics of
highly concentrated samples with relatively large Raman cross sections. This can require
large volumes of sample and necessitates that FSRS samples will have some form of
heterogeneity. Combining SERS with FSRS could overcome these limitations by
amplifying fundamentally weak Raman scattering from a small number of molecules near
nanostructured SERS hotspots. Early attempts by Ploetz et al. were made to combine FSRS
and SERS, looking for enhancement of organic monolayers on gold and silver
nanoshells."™ With 75 nJ/pulse of Raman pump power at a 1 kHz repetition rate and a
plasmonic substrate in resonance with the Raman pump, they were unable to observe
surface-enhanced FSRS signals. When the high fields from these focused ultrafast pulses
are amplified and concentrated by plasmonic materials, the field strengths rapidly approach
the dielectric breakdown limit for organic molecules. Thus attempts to obtain SEFSRS
data from typical 1 kHz amplified laser systems have failed at this point. This highlights
one of the major difficulties with these surface-enhanced ultrafast techniques; it is
necessary to consider both peak power and electromagnetic enhancement factors when
performing these experiments so as to not damage both the plasmonic structures and the
molecules of interest.
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3.4.2 Development of SEFSRS

The Van Duyne group was able to successfully combine SERS and FSRS in 2011
using a 100 kHz repetition rate laser system with pulse energies high enough for signal
generation, but low peak powers to avoid damage to the substrates.'”> Frontiera et al.
demonstrated SEFSRS on aggregated gold colloids with adsorbed reporter molecules and
an encapsulating silica shell (see Figure 10a), which were later used in TR-SECARS
experiments’ as well. This proof-of-principle paper presented ground-state SEFSRS
spectra with characteristic Fano-like lineshapes (see figure 10b).  The authors
conservatively estimated time- and ensemble- averaged enhancement factors for SEFSRS
to be 10*-10°, however this estimated EF was limited by degradation. The dependence of
SEFSRS gain on Raman pump power was shown to be linear only in extremely low power
regimes, after which the signal saturates. Additionally, the signal decreased on the minute
timescale, and the localized surface plasmon resonance saw a loss in the NIR longitudinal
resonance after prolonged irradiation with the high-powered Raman pump pulse. These
results indicated damage occurred in these original SEFSRS experiments, most likely to the
plasmonic aggregates since no changes were observed in the Raman spectrum to indicate
photodamage to the molecular analyte.
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Figure 10. a) SEFSRS spectrum (black) and picosecond spontancous SERS spectrum (red) of BPE ,
illustrating the dispersive lineshapes and high signal-to-noise after under 10 minutes of averaging at 2.0
nJ/pulse Raman pump energy and 100 pJ/pulse probe energy. From reference '”°. Copyright 2011 American
Chemical Society. b) The substrate used for the first SEFSRS experiments was a colloidal solution of gold 90-
nm diameter nanospheres which are aggregated, coated in adsorbed BPE analyte molecules, and then
protected by a layer of silica. This representation shows a dimer particle, with a hotspot between the particles,
which will provide the highest enhancement. The solution also contains monomer particles without hotspots
and larger aggregates. c) Spectra of the pump and probe pulses, in green and purple respectively, are
compared to the plasmon resonance energies of the aggregated 90-nm and 60-nm Au spheres. Notably, the
60-nm spheres have an LSPR that overlaps with the probe spectrum, while the 90-nm sample has an LSPR
maximum to the red of the probe. d) The SEFSRS spectra of the 60-nm (dark red) and 90-nm (dark blue)
samples are plotted with their Fano fits offset above. From reference '*. Copyright 2012 American Chemical
Society.

The following year the Van Duyne group followed up with a more in-depth
investigation into the observed Fano-like resonances arising from these colloidal
nanoparticle-molecular systems.'> By varying the size of the nanoparticle substrates,
Frontiera et al. changed the energy of the plasmon resonances of the substrate with respect
to the wavelengths of the Raman pump and stimulating probe pulses (see Figure 10c). This
change in plasmon resonance energy resulted in a change in the phase of the dispersion of
the observed peaks, which were fit to a Fano function (see Figure 10d). This suggests that
the Fano-like lineshapes arise from an interaction of the narrow molecular vibrational
coherence and the broad plasmon resonance of the colloidal nanoparticles. The authors
then studied the effect of this coupling on the vibrational coherence lifetime of the analyte
molecules. One concern in using an ultrafast Raman technique such as FSRS in
conjunction with SERS is that the vibrational coherences required to generate signal may
be quenched when molecules are placed in close proximity to plasmonic surfaces. SERS
measurements of highly fluorescent dye molecules have proven that molecular excited
electronic states are rapidly quenched by the presence of nearby plasmons, primarily
through a resonant energy transfer mechanism. Although vibrational coherences are much
lower in energy than the visible and near infrared plasmons, before this SEFSRS work, it
was largely unknown what the behavior and lifetime of the vibrational coherences would
be. These long-lived coherences were also observed in time-resolved SECARS
measurements by the Scully group,'” as previously discussed. Using SEFSRS, the Van
Duyne group showed that this lifetime is not significantly shortened, despite the proximity
of the metal nanoparticle surface and the observed plasmon-molecule coupling. These
results pave the way for SEFSRS to be used to study ultrafast dynamics in plasmonically-
enhanced molecular systems. If SEFSRS could be coupled with a microscope, similar to
the SECARS experiments by the Apakarian and Halas groups,” '° and brought close to the
single molecule detection level it could be a powerful tool for the study of reaction
dynamics near metal surfaces.

3.5 Ultrafast tip-enhanced Raman spectroscopies

3.5.1 Tip-enhanced Raman scattering
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A major goal of the ultrafast SERS field is to understand how molecule-plasmon
coupled systems interact on the nanoscale. One approach that has the potential to combine
single molecule sensitivity with both high spatial and temporal resolution is ultrafast tip-
enhanced Raman spectroscopy (TERS). Inspired by the amplification of Raman signals
observed in SERS, several tip-enhanced vibrational spectroscopies have been developed
over the past 15 years.” "2 These approaches vary, but in general utilized scanning
probe microscopy (SPM) with metallic nanoprobe tip which can characterize nano- and
sometimes atomic-scale surfaces while plasmonically enhancing vibrational signatures
from a small subset of molecules under tip (see Figure 11).

Figure 11. Schematic for tip-enhanced vibrational spectroscopies: a plasmonic SPM tip brought near a
substrate with a molecular adsorbate (represented by blue dots). Note that in the wide field of laser irradiation
(yellow circle), the enhanced scattering occurs selectively under the tip (red circle). Reprinted and adapted
with permission from reference '**. Copyright 2014 American Chemical Society.

Tip-enhanced Raman spectroscopy (TERS)"**'* is a highly sensitive technique that can

provide surface characterization with the atomic-resolution expected from scanning probe
techniques along with chemical information from vibrational Raman spectra of samples as
small as single molecules.”™ ® " TERS uses plasmonic probes, usually silver or gold tips
that are to enhance Raman scattering from a small domain underneath the probe apex. This
allows for sub-diffraction limited lateral resolution, as the signal is selectively enhanced not
in the full area of the laser focal spot but instead under and around the tip apex.'”® The
substrates beneath the tip can be plasmonic or non-plasmonic in nature, the first case
providing additional enhancements from the so-called ‘gap mode’ plasmon between the tip
and the surface. The scanning probes can be standard scanning tunneling microscopy
(STM) or atomic force microscopy (AFM) probes that are nanoscale gold and silver tips, or
standard probes coated in a plasmonic layer.'”> TER imaging has been used to characterize
adsorbates on a surface with nanometer resolution and sub-single molecule resolution.® It
is therefore a promising candidate for combination with ultrafast techniques as the field
works towards combining single molecule sensitivity with femtosecond temporal
resolution.
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Though promising, ultrafast TERS and other ultrafast tip-enhanced spectroscopies have
been slow to develop as they involve complex experimental set-ups as well as potential
molecular damage by highly localized plasmonically enhanced electric fields in the tip-
sample junction. However, both spontaneous and stimulated ultrafast TERS experiments
have been successful, and recent results highlight the possibly of time-resolved TERS.
Here, we review these recent advances.

3.5.2 Tip-enhanced CARS

One of the earliest and most-developed application of ultrafast TERS has been tip-
enhanced coherent anti-Stokes Raman spectroscopy (TECARS). The Kawata group first
applied their SECARS microscopy studies to TECARS in 2004. First, they reported TE-
CAR images of adenine molecules in DNA clusters, as shown in Figure 12,199 200 They
were able to couple 5 ps pulses with the plasmonic tip with average powers of
approximately 30 -100 pW at a 800 kHz repetition rate The authors reported spatial
resolution beyond the diffraction limit of light due to the localization of the electric field
enhancement underneath the metallic nanoprobe. Using silver-coated AFM cantilever, they
imaged nanoclusters of DNA fragments on resonance with the diazole adenine ring-
breathing vibrational mode with an estimated enhancement factor of ~100 over CARS (see
Figure 12). The Kawata acquired TE-CAR images and correlated AFM images of single-
wall carbon nanotubes using gold-coated cantilevers.”’! Recently, Kawata and coworkers,
optimized the technique using a broadband Stokes pulse to quickly measure multiplex
Raman spectra without scanning wavelengths.'' The authors demonstrated tip-enhanced
broadband coherent anti-Stokes Raman (TE-BB-CAR) spectra and images of
semiconducting carbon nanotubes. They obtained multiplexed TE-BB-CAR images from
900 to 2200 cm™ with a spatial resolution of 60 nm by combining a supercontinuum from a
photonic crystal fiber and a gold-coated glass fiber tip on a tuning-fork based shear-force
microscope setup. Though their enhancement factors were small (less than one order of
magnitude), the authors were able to demonstrate that the TE-BB-CARS signal provided
enough positive contrast for high-resolution imaging by combining ultrafast pulses with
plasmonic probes. They also observed a longer decay (~3 ps) of the G-band signal from
the S-CNTs in the near field compared to the far field (~1.5 ps), possibly due to an Auger
process induced at unusually high intensities beneath the tip. This is the first reported study
of ultrafast dynamics using time-resolved TECARS. Combining the ability to study
dynamics with the ability to image material with ultrafast pulses and high sensitivity,
TECARS has opened the door to plasmon-mediated dynamics in a variety of materials.
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Figure 12. Tip-enhanced CARS images of DNA clusters. A TECARS image (a) on-resonance with the ring-
breathing mode of diazole in adenine molecules (1337 rel cm ') and the corresponding topographic AFM
image (b) show excellent agreement. The TECARS image (c) at an off-resonant frequency (1278 rel cm ')
illustrates the success of the TECARS experiment to image selective modes (also shown in (d) with a
different greyscale). And the unenhanced CAR image (e) taken without a plasmonic probe illustrates the
plasmonic enhancements of approximately 100. Reprinted and adapted with permission from reference '*.
Copyright 2004 by the American Physical Society.

3.5.3 Picosecond TERS and challenges combining TERS with ultrafast pulses

Despite these advances in ultrafast TERS, there are inherent difficulties that arise from
the high pulse energies and concentrated fields used in these experiments, just as in the
SERS experiments. In 2013, Klingsporn et al. explored the limitations of ultrafast TERS
with respect to signal loss due to damaging the adsorbate and/or the plasmonic tip.'” The
authors compared the ambient STM-TERS spectra of resonant dyes using picosecond and
cw excitation. They found that the tip was not damaged by the ultrafast excitation pulses,
but that the ps-TERS signal decayed in tens of seconds while the cw-TERS spectra showed
no such decay. Figure 13 illustrates the decay of the ps TERS signal as a function of time,
fit to both first order kinetics (e*k/T) to model reactive decay chemistry or photothermal
desorption, as well as inverse square root (%) to model surface diffusion. Diffusion is
unlikely because the malachite green isothiocyanate (MGITC) molecules were covalently
attached to the surface. The authors concluded the observed decay is due to either the
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presence of H,O and O, leading to reactive decay or desorption of the molecules due to
plasmonic and photothermal heating in the hotspots under the tip. Either of these
mechanisms could be alleviated in an ultra-high vacuum (UHV) environment. Therefore,
the following year Pozzi et al. performed similar experiments in UHV in order to better
understand the observed ps-TERS decay mechanism.””® They found that the TERS
response of Rhodamine 6G (R6G) and MGITC dye molecules did not undergo irreversible
degradation in high vacuum. The authors found that both diffusion and reaction of the
analyte molecules led to loss of TERS signal from pulsed excitation, but that the lack of
oxygen limited decay of the TERS signal. They concluded that reactive decay dominated
the signal loss from a chemisorbed species (MGITC), while diffusion dominated the loss of
signal from a physisorbed analyte (R6G). This work provides important parameters for
future ultrafast TERS experiments, especially as the field works towards studying ultrafast
dynamics with high sensitivity. It suggests that ultrafast TERS experiments that take
advantage of high enhancement factors and resonance enhancements may require measures
to mitigate signal loss.
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Figure 13. Decay of the ps TERS integrated intensities at 1618 (blue) and 1383 (red) relative wavenumbers
of MGITC at two different spots within the laser focus, as noted by the break in the x-axis. The top data (a,b)
is fit (green) to exponential first-order kintetics (e’k/T) while the same data below (c,d) are fit (green) as an
inverse square root (¢ ?) for modelling of surface diffusion. Residuals are plotted below the fits. The R
values indicate the signal is more likely from photothermal desorption or reactive decay chemistry, as fit by
first order kinetics, as opposed to diffusion. Reprinted with permission from reference '*°. Copyright 2014

American Chemical Society.
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While the majority of ultrafast nonlinear TERS successes have utilized TECARS, a
number of other advances have been made in the field. The Raschke group has combined
ultrafast pulses with TERS tips not for ultrafast time resolution, but instead for excitation of
surface plasmon polaritons (SPPs).”” They have demonstrated the ability to couple
plasmonic nanoscale tips with SPPs using ultrafast excitation for nanofocusing of
femtosecond excitation beneath the tip with down to 10 nm spatial confinement.”** 2%
Significant progress has also been made in combining infrared spectroscopy with surface-
enhancement towards many of the same goals as the ultrafast SERS field. These advances
are well-reviewed elsewhere.”’**!® Combined with previous advances in ultrafast TERS,
this work could pave the way for true nanoscale ultrafast spectroscopy.

The combination of ultrafast vibrational spectroscopies with the spatial resolution
afforded by scanning probe microscopies (SPM) is on the forefront of this new ultrafast
SERS field. It could eventually allow for the surface characterization and study of ultrafast
dynamics of single molecules.

4. Overcoming the challenges of combining plasmonics and ultrafast
spectroscopy

In many aspects, ultrafast SERS is currently transitioning from the initial proof of
concept phase into routine spectroscopic experiments. As ultrafast SERS continues to
develop, there are experimental challenges to keep in mind. This part of the review will
discuss the major hurdles in the search for highly-enhancing plasmonic substrates that can
withstand the intense peak powers present when using pico- and femtosecond pulsed lasers.
First we address the challenges of substrate damage due to ultrafast pulses and molecular
photodamage, along with the importance of sample characterization by showing damaged
metallic nanostructures. Next we discuss potential solutions for the these challenges,
including methods to minimize substrate damage, benefits of using high repetition rate /
lower peak power laser systems, and favorable use of the electromagnetic field
localization. Many of these damage mitigation techniques were critical to the successful
ultrafast SERS experiments discussed in Section 3.

4.1 Morphological changes in nanostructures and molecular photodamage

4.1.1 Morphological changes in plasmonic nanostructures induced by ultrafast pulsed
light

Ultrafast SERS typically utilizes inherently high peak powers to drive nonlinear
processes that when coupled with plasmonic enhancement can lead to damage of the
plasmonic substrate. Here we discuss this damage mechanism in more detail from a
materials perspective.

Electron microscopy reports of plasmonically-enhanced damage in metal films by
ultrafast pulses were first observed in macroscopic Pt gratings,21 ! however the first changes
of metal colloids caused by pico- and femtosecond pulsed lasers were observed in 1999.%
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212215 The Kamat group witnessed a color change of thionicotinamide-functionalized gold
nanosphere colloids after short (~1 min) durations of laser irradiation from the second
harmonic of a Nd:YAG picosecond pulsed laser (532 nm, 18 ps bandwidth, 10 Hz, 1.5
mJ/pulse).?*? Using electron microscopy images, the authors showed that the nanoparticles
underwent fusion, forming larger particles after irradiation. When the laser irradiation
continued for ~30 min, fragmentation was observed.”'? The group of El-Sayed investigated
the effect of femtosecond laser pulses on gold nanorods.”'” After irradiation at high laser
fluences of ~ 1-10 J/em? the particles fragmented and at lower fluences, 0.001 J/cm?, the
surface of the particles melted, as illustrated in Figures 14a and 14b. ** The authors noted
that the threshold for complete melting of the nanorods with fs laser pulses is about two
orders of magnitude lower than that for ns excitation. These experiments paved the way to
a better understanding of photodamage in plasmonic systems by demonstrating that
electron microscopy can be used to illustrate the effects of high energy pulses on plasmonic
materials.
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Figure 14. Transmission Electron Micrographs of gold colloids before (left) and after (right) laser irradiation.
Top panel: (a) Gold nanorods before 800 nm femtosecond laser exposure (b) Resulting reshaped nanorods to
more spheroidal particles with fluency of 0.001 J/cm®. Adapted with permission from reference . Copyright
2000 American Chemical Society. Lower panel: Spherical particles before (c) irradiation and after (d),
illustrating sintering after exposing them to 300 nJ/pulse. Reprinted from reference *'°. Copyright 2004, with
permission from Elsevier.

Laser fluence and pulse width are only two factors to consider when using ultrafast
pulses with plasmonic particles. Colloid capping ligands and energetic overlap with the
plasmon resonance of the particles can also have large effects. In a recent publication,
Gordel et al. compared the photostability of CTAB-capped and sulfide-capped gold
nanorods.”'” Using a Ti:sapphire system, the samples were irradiated with 800 nm, 130 fs
pulses at 1 kHz with high (3.6 mJ/cm?®) and low (1.4 mJ/cm?) fluences. In particular, the
authors observed greater control of the reshaping and melting processes of sulfide-modified
nanorods at low fluences compared to the highly nonuniform reshaping observed at high
fluences. When sulfide-functionalized nanorods were illuminated with a laser wavelength
on the rising spectral edge of the longitudinal LSPR mode, the size distribution of the
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colloid could be narrowed; whereas with a laser wavelength at the longitudinal LSPR
maximum, a new type of banana-shaped particles were formed.”’”  Hence, the work of
Gordel et al. suggests the possibility of controllable photoshaping of plasmonic substrates
with selective capping ligands, laser fluence, and excitation resonance with the substrate
LSPR.

Photodamage by pulsed laser light of metallodielectric core-shell colloids®'® and of
metallic particles embedded in a solid matrix*'**** have also been investigated. However,
studies addressing the effect of ultrafast pulses on hot-spot dominated nanostructures such
as coupled nanoparticles and particles with distinct and sharp nanofeatures (i.e. nanostars,
concave cubes) are rare.”'® “ In one such investigation, Eah et al. analyzed coupled
metallic nanoparticles with femtosecond transient absorption spectroscopy.’'® At low
pump power (150 nJ/pulse), the authors observed that the gold nanoparticle monolayer
maintained 1its structural integrity, whereas at higher pump power (300 nl/pulse),
irreversible aggregation and sintering occurred (see Figures 15¢ and 15d).'® Due to the
high electric field confinement present in hot-spot dominated nanostructures, it will be
valuable to extend the analysis of these systems in the presence of ultrafast radiation,
particularly for thermodynamically unstable high surface curvature geometries.
Understanding the reconstruction of these highly enhancing substrates that occur on the
nanosecond timescale®* is critical to developing better methods of preventing
morphological changes so that ultrafast SERS techniques aren’t limited to exceedingly
short time windows or large colloidal sample volumes for data acquisition.

4.1.2 Molecular photodamage near nanostructures by ultrafast pulsed light

Just as plasmonic substrates can be damaged by plasmonically enhanced pico- and
femtosecond pulses, molecules of interest in ultrafast SERS studies may be photodamaged.
The damage may cause photobleaching or produce photoproducts that could complicate the
spectral analysis. In their ultrafast SERS studies, Littleford et al. briefly mention that the
energy densities (~0.6 mJ / cm™) they use should result in photodegradation, though they
do not observe photoproducts.””® As seen in Figure 15, Littleford et al. observed SERRS of
3,5-dimthoxy-4-(6’-azobenzotriazolyl)phenylamine (ABT-DMOPA) on Ag colloids taken
with cw (Figure 15a) and pulsed (Figure 15b) excitations. To further explore different
SERRS excitation conditions they performed an excitation power study. In CW excitation,
the Raman intensity rises linearly with power, while the pulsed excitation (PL) shows a
rapid saturation of Raman intensity with power. The authors suggest that with high-
intensity laser pulses, the surface bonding between the metal surface and the analyte may
be perturbed so that the dye diffuses away from the surface. They postulate that this not
only perturbs the effects of chemical enhancement due to surface adsorption of the analyte
on a plasmonic surface, but also decreases the electromagnetic enhancement due to the
increased molecule-surface distance.
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Figure 15. Comparison of SERRS of ABT-DMOPA on Ag colloids taken with cw (a) and pulsed (b)
excitations: and the dependency of the Raman intensity to the excitation power for both conditions (c). CW
excitation shows an expected linear trend with power, while the pulsed excitation (PL) shows a rapid
saturation of Raman intensity with power, attributed to molecular photodamage. Adapted with permission
from reference **°. Copyright, 2005 John Wiley & Sons, Ltd.

In addition to perturbation of analyte adsorption and molecule diffusion,
photobleaching due to pulsed excitation or plasmonically-enhanced fields can affect
ultrafast SERS experiments.”®**®® It is important to note that photobleaching and
photodamage of analytes does not always hamper plasmonic and ultrafast investigations.
In fact, these phenomena have been used to study the intensity of plasmonically-enhanced
fields,'® #*° and may provide important information about field intensities when studying
molecules in plasmonically-enhanced hot spots. While photodamage of analytes has been
observed in recent ultrafast SERS applications, these effects have yet to be fully
investigated, and importantly do not prevent new applications if the solutions discussed in
the following section are considered.

In general, morphological changes in plasmonic nanostructures and molecular
photodamage are sensitive to many experimental laser variables including laser
wavelength, pulse duration,212'215’ 229 repetition rate,212 ﬂuence,m’ 225229 and irradiation
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time.*'? In addition to the laser used, the morphological changes are also connected to the

nanostructure including the composition, shape,”” surface chemistry,”’” and energy of the
LSPR relative to laser wavelength.?'” The conclusion of these studies suggest that close
attention needs to be paid to nearly all laser and nanoparticle experimental variables when
trying to control surface morphology changes and molecular photodamage by ultrafast laser
pulses. Therefore, in the next section, we include some methods for mitigating such
experimental limitations.

4.2 Solutions to provide robust molecule-plasmon systems for ultrafast pulsed
experiments

4.2.1 Minimizing substrate damage in ultrafast pulsed experiments by protective coatings

Metallic nanoparticles are typically protected from ultrafast-laser-induced
morphological degradation using monolayers of either strong capping agents including
octanethiol, > octadecanethiol,” or oleylamine;**' polymers,” or dielectric coatings.>*****
Some of the more recent plasmonically enhanced coherent Raman scattering techniques,
SEFSRS and TR-SECARS, have benefited from the use of silica-encapsulated gold
aggregates.” ' ' These protective layers keep the plasmonic substrates more stable from
thermal, mechanical and chemical degradation.”****

In particular, there is clear evidence on the enhanced photothermal robustness of
silver nanoparticles with silica’*’ and alumina coatings,”° as well as silica coated gold
nanorods *** in ultrafast experimental applications.”” **' Sung et al. fabricated silver
particle arrays by nanosphere lithography with different thicknesses of alumina coating:
0.0, 0.4, 1.0 nm; then exposed them to 90-fs, 1 kHz pulses of varied fluences. In this study,
the laser wavelength was tuned in two ways: either (1) to match the LSPR extinction
maximum, the resonant condition; or (2) ~100 nm red-shifted from the LSPR extinction
maximum, the off-resonant condition. The photostability of the substrate was tracked by
maximum wavelength and full width at half maximum (FWHM) of the LSPR at various
exposure times (0-120 sec) and pulse fluences/energies (~0-2 mJ/cm?). After just 30 sec of
laser exposure, the authors observe a blue-shift in the LSPR band due to rounding of
nanoparticle tips caused by laser heating effects. This effect was more pronounced as the
laser pulse intensity increased and in resonant conditions since the absorption of the
excitation pulses is more efficient on- than off-resonance. Advantageously, nanoparticle
reshaping was mitigated by a factor of ten with a 1 nm thick alumina layer as depicted in
Figure 16; presumably by increasing the surface-melting temperature. These results inform
experimental design of ultrafast SERS experiments, suggesting protective coatings and off-
resonant conditions to avoid sample degradation. These approaches have been successfully
used in a few recent ultrafast SERS experiments as discussed in Section 3. For example,
silica-coated nanoparticle aggregates were used in both SEFSRS'* ' and SECARS’, and
off-resonant pump pulses were used in SEFSRS'> ' and SECARS * '* experiments to
avoid unnecessary sample degradation.
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Figure 16. Effect of ultrafast excitation on bare and ALD coated Ag nanoparticles’ optical properties.
Blue shifts of LSPR maximum after 120 s of laser exposure versus laser pulse intensity. The resonant
condition is plotted with solid marks, and the off-resonant condition is plotted with open marks. Linear fitting
for the resonant condition is shown with solid black line, red dashed line, and green dotted line for bare
particles, nanoparticles coated with 0.4 nm and 1.0 nm of Al,Os, respectively. Adapted with permission from
reference **’. Copyright 2008 American Chemical Society.

An alternative way to circumvent morphological damage of the substrate
and/or molecular degradation by ultrafast lasers, is to utilize a flow cell.”” By focusing the
pulsed beam on a flowing jet of nanoparticles in solution during their ultrafast SERS
experiments, Littleford et al. observed a significant decrease in sample degradation as
compared to a static sample.””> While circulating the sample usually requires a large
volume of nanoparticles, which can restrict this approach for samples that are difficult or
expensive to synthesize in bulk, continuous stirring of a small volume of sample in a
cuvette can also prevent damage.12

In general when trying to mitigate photodamage of molecule-nanoparticle
assemblies, the best physical methods used thus far include using various coatings over the
entire assembly” '> "> 2237 and continual replenishment.”> More studies are need to
determine how a protective mechanism may alter the desired experimental observable,
depending on molecule-protective assembly-substrate interactions, = However, these
approaches can allow for more stable study of molecule-nanoparticle systems.

4.2.2 The role of higher repetition rate and lower peak power systems in ultrafast
plasmonic studies

The results of the previous section imply that using lower peak power and higher
repetition rate pulsed laser systems would allow for the expansion of ultrafast SERS
techniques with limited signal saturation due to perturbation from pulsed excitation. This
approach has allowed for the successful combination of SERS with ultrafast Raman
techniques as the field has grown in the past decade. For example, the use of a higher
repetition rate system with lower powers has been a major factor in the successful
combination of SERS and FSRS'*'”> when previous attempts had been unsuccessful likely
due in part to sample photodegradation.'®® SECARS has also benefited from high repetition
rate lasers: the Halas group used a 76 MHz system with low peak powers between 4-8 pJ /
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pulse in their single molecule SECARS study,'” while the Apkarian group used a 80 MHz
system with peak powers between 4-12 pJ / pulse for their time-resolved single molecule
SECARS study.” The lower peak powers provided by high repetition rate systems have
been a boon to the ultrafast SERS community as previous work on just plasmonic
substrates has shown peak powers in the tens to hundreds of nJ/pulse regime can lead to
irreversible molecule-plasmon system damage.”'® **. By enabling a variety of successful
ultrafast SERS experiments, it is anticipated that ultrafast SERS will continue to improve
with the use of higher repetition rate systems.

4.2.3 Utilizing the effect of hot-spot distribution in ultrafast SERS applications

A significant progress in SERS came from revealing that the electromagnetic
enhancement factor is typically an average value of a broad distribution of microscopic
enhancement factors in different subsections of a substrate; and that a few molecules
located at hot spots, where the electric field is highly enhanced, contribute disproportionally
to the overall SERS signal.** ' 2** In this regard, the Dlott group contributed significantly
by providing measurements of the distribution of site specific enhancement factors on a
silver film-over-nanospheres substrate.'® Fang and coworkers used benzenethiol, a well
characterized Raman scatterer, to show that the main contribution to the observed SERS
enhancement was due to electromagnetic field enhancement rather than to chemical or
resonance enhancements. Then, with a 532 nm picosecond pulsed laser the authors
gradually photodamaged benzenethiol molecules at sites with highest electromagnetic
enhancement by controlling the pulse energy; and to monitor the process by SERS they
used a continuous wave 532 nm laser as a probe.'® From their results, a distribution of
microscopic enhancement factors was confirmed, hot spots with enhancement factors above
10° accounted for 63 ppm of the Raman scatterers but 24% of the overall SERS signal. The
majority of the Raman scatterers were located at ‘colder’ sites with little contribution to the
overall SERS signal.'® This work suggests that the more locally-enhanced fields in
hotspots could leave these areas of a substrate which contribute the most to the observed
signal more prone to damage or molecular perturbation. This could explain observed signal
decay in ultrafast SERS experiments such as SEFSRS, in which Frontiera et al. observed a
loss of signal over time despite only small changes in the LSPR of the ensemble colloidal
solution and negligible damage observed by HR-TEM.'” However, it is also true that for
ultrafast pulsed SERS applications, only a few of the most electromagnetically enhancing,
or ‘hottest’, hot spots need to be able to withstand the pulsed excitation to observe signal.
Examples of this include the TR-SECARS of Apkarian and SM-SECARS of Halas
discussed earlier, where the majority of the signal, and the single molecule behavior, likely
came from a particularly stable and highly enhancing hot spot.” '

The ultrafast SERS field has overcome many of the challenges caused by the
combination of pulsed excitation and high-enhancing plasmonic substrates. In particular,
approaches such as minimizing laser fluences,”'®*** using protective surface coatings,>
27 flowing colloidal SERS solutions,'> *** and moving towards higher repetition rate/lower
peak power systems” '" ' !> have advanced the field towards new directions beyond
proof-of-principle demonstrations. Using a combination of substrate-molecule protective
methods and the distribution of the Raman signal from very few molecules in highly
enhancing electromagnetic hot spots has already produced ultrafast SERS studies
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displaying single molecule behavior.” '° It is expected that the field will continue to
develop rapidly as more focus is placed on the molecule-substrate conditions in ultrafast
SERS experiments.

5. Prospects for ultrafast SERS

The range of experiments described in Section 3 indicates that the ultrafast SERS
field has significantly evolved in the last two decades. While not yet routine, ultrafast
Raman measurements are now possible on a variety of plasmonic substrates and in a range
of environments. This opens the door to a wide range of applications in sensing and the
study of plasmon-mediated chemistry and physics.

The coherent nature of a number of these ultrafast SERS techniques could provide
even higher sensitivity than typical SMSERS studies, opening to door to more analytes in a
wider range of experimental conditions (off-resonance, non-ideal hotspots, less-enhancing
substrates, etc.). The field of ultrafast SERS could grow with high-resolution microscopy
expanding on TE-BB-CAR imaging'' or with sensing applications utilizing the coherent
nature of the ultrafast SERS techniques with multiple opportunities for plasmonically-
enhanced interactions. Additionally, these techniques are uniquely suited to study the
coupling of molecule and plasmons, as seen in SEFSRS.'* "> With the additional control
afforded by UHV TERS environments,””* these techniques could study the effects of
molecular configuration and metal surface structure on the coupling of molecules and
plasmons. It’s clear that these techniques could be used to study dynamics of molecular
subsets down to the single molecule level. However, it remains to be seen if studying
single-molecule dynamics averaged over long many acquisitions will be more or less
effective than carefully engineering highly homogenous subsets of molecules for dynamical
studies. Either way, ultrafast SERS techniques hold the promise to combine extremely high
sensitivity with ultrafast temporal resolution. But perhaps the most exciting use of ultrafast
SERS is to study the dynamics of chemical reactions near plasmonic surfaces and the
effects of the plasmons themselves on these reactions.

The ability to follow molecular structure as a function of time with ultrafast Raman
spectroscopies on the picosecond or femtosecond time scale easily enables studies on the
fundamental mechanisms of chemical reactions. Given the recent explosion of research in
plasmonically-enhanced chemistry,'>!® 2% 37 90- 243245 the combination of ultrafast Raman
spectroscopies with plasmonic enhancements leaves the field of ultrafast SERS well-poised
to answer questions regarding the mechanistic role of plasmons in such reactions. The now-
mature fields of single molecule SERS,> ' super-resolution SERS,* *** and time-resolved
SERS will be able to provide single hot spot (or possibly single-molecule) dynamic
information. Surface plasmon resonances can assist reactions simply by electric field
focusing and scattering, as well as by heat or modification of the molecular electronic
distribution due to plexcitonic coupling.”*’ Not long after the discovery of SERS, Nitzan et
al. proposed that the highly concentrated electromagnetic fields present in SERS could be
used to drive photochemical reactions.”*® ** However, it is only recently that the field has
developed a better understanding of the theory behind this phenomenon and experiments
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with nanoscale-control of the necessary plasmonic properties.'”"® ** °7 Therefore the
ultrafast studies mentioned in Sections 2 and 3 combined with the ready availability of
plasmonic substrates through the ultraviolet, visible, and near infrared regimes will allow
the field of ultrafast SERS to conclusively prove the potential and limitations of plasmons
in driving chemistry.

Recent advances towards the use of plasmons to mediate photophysical processes
have been nicely summarized in a recent reviews' > '% 7 %% 3" 247 which describe different
possible mechanisms for the functional role of plasmons in controlling (or not controlling)
chemical reactions and photophysical processes. In semiconductor-noble metal hybrids
such as TiO,-M and ZnO-M (M=Au, Ag, Pd or Pt) the metal, size of the metal
nanostructure and spectral range of light source used all affect the mechanism of plasmon-
mediated charge-transfer.”> For example, under UV light irradiation, small noble metal
nanoparticles on the TiO, surface can trap electrons from the conduction band created by
exciton transitions. This trapping consequently decreases the recombination rates during
the interfacial charge transfer from the semiconductor to the metal.”> It has also been
observed that when semiconductor-noble metal hybrids are exposed to visible light, charge
carriers in noble metals formed by the absorption of visible light, could be directly injected
to the semiconductor. In this case, the excitation of the surface plasmon resonances initiates
a charge transfer from the metal to the semiconductor if both materials are in close
contact.” Alternative mechanisms of plasmon-mediated photocatalysis more directly linked
to LSPR phenomena are those that rely on the concentration (near-field enhancement) and
scattering of electromagnetic fields' **® 2* or plasmonic heating effects.’® >7 247> 220 231
These mechanisms have been exploited in photovoltaics and photocatalysis applications
where TiO,/ZnO-noble metal nanocomposites are used to enhance light absorption, light
scattering, and photocurrent generation depending on the size of the plasmonic particle. But
despite a number of studies to investigate the mechanisms of these plasmon-mediated
photophysical or photochemical processes, a number of them are not well-understood.

The use of ultrafast SERS to examine nuclear and electronic motions on the
femtosecond and picosecond time scale should shed light on the mechanism of plasmon-
enhanced photochemistries such as the examples above for semiconductor-plasmonic
nanocomposites. By obtaining structural snapshots on the ultrafast time scale, one can
obtain the step-by-step process of bond-making, bond-breaking, and structural changes
occurring in these molecule-plasmon systems. From a molecular point of view, the
localized electromagnetic field may alter the reaction coordinate along the potential energy
surface in different ways, altering the course of the reaction.'” '*" %2 Short-lived bright
plasmons,”® or longer-lived dark plasmons®™* **° may perturb this initial reaction
coordinate, changing the outcome of a variety of photochemical processes. Hence, ultrafast
SERS measurements on the single particle'®® and single molecule’ ' '*® levels can assist to
elucidate which particle geometries are optimal for plasmon-enhanced chemistry, and how
the structure of the particle and molecular configuration may affect the mechanism and
yield of the photoreaction.

Time resolved SERS of single or few molecules is challenging due to sample
degradation (as discussed in Section 4) and promising approaches typically involve a well-
controlled environment or protective layers. A UHV environment minimizes oxygen-
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induced degradation processes while enabling control over molecule-plasmon interactions
with tip positioning. Additionally, ultrafast tip-enhanced Raman spectroscopy (TERS)
spectroscopy combined with atomic level imaging by Scanning Tunneling Microscopy
(STM), can lead to an unprecedented understanding of how molecules behave in site-
specific environments with highly controlled electromagnetic fields. When combined with
ultrafast SERS techniques discussed in Section 3, this could lead to major breakthroughs in
understanding fundamental reaction mechanisms behind photovoltaic and photocatalytic
composites, providing rational design principles for highly efficient plasmonically driven
devices.

Alternative advancements in coupled molecule-plasmon studies may come from the
combination of Raman spectroscopy and electron microscopy or pulse shaping techniques
in order to directly image molecule-nanostructure on the femtosecond time scale. For
example, coupling of ultrafast techniques to electron microscopy allowed for nm-scale
spatial resolution and femtosecond time resolution of plasmonic energies utilizing electron
energy loss spectroscopy (EELS).”%%*® Simultaneous control over spatial and temporal
properties of electromagnetic fields scale has also been obtained based on the combination
of polarization pulse shaping and time-resolved two-photon photoemission electron
microscopy.”>*2®! With this approach, the shaping of hot spots and visualization of surface
plasmons on femtosecond time and nanometer length scales has already been
demonstrated.”®***” Although incorporating molecular imaging for molecules consisting
primarily of light atoms presents significant technical difficulties, this could enable a real-
time, real-space imaging of molecular plasmonic dynamics.

Now that the groundwork has been laid with recent developments in time-resolved
and single molecule experiments, the field of ultrafast SERS is poised to study the
mechanisms of plasmon-mediated chemistry, molecule-plasmon coupling, and the
dynamics of single molecules.

6. Conclusions

Ultrafast SERS has developed at the intersection of ultrafast vibrational
spectroscopy and plasmonics. The field has progressed significantly since early
experiments, and it is clear that time-resolved experiments probing the dynamics of
molecular-plasmonic systems nearing the single molecule limit are possible with possibly
even higher sensitivity than spontanecous SERS experiments. These ultrafast SERS
techniques are necessary to determine the functional role of plasmons in a variety of
photovoltaic and photocatalytic devices, and will greatly assist in the optimization of
robust, lightweight, and efficient light-driven chemical devices.

Ultrafast studies of plasmons and molecule-plasmon systems including transient
absorption, SE-SHG, SE-SFG, SEHRS, SEFSRS, SECARS, TERS, and TECARS have
shown promising results for understanding the nature of molecule-plasmon coupling. The
strong molecule-plasmon energetic couplings observed in electronic spectroscopy along
with the long-lived molecular coherent states near plasmonic surfaces demonstrate unique
plasmonically-influenced time-resolved molecular dynamics. SEFSRS and SECARS have
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both demonstrated high molecular sensitivity with time resolved dynamic signatures of
molecule-plasmon interaction.” ' '> ' Variations of SECARS are being pursued in
coupled vibrational spectroscopy/scanning probe microscopy techniques as TECARS to
push the spatial, temporal, spectral, and molecular concentration limits.'"" > ' The
SEFSRS and SECARS ultrafast SERS experiments are especially positioned to track
plasmonically-enhanced chemistry in-sifu by using optical fields to initiate photochemistry.

Overall, the field of ultrafast and nonlinear SERS have advanced greatly since early
experiments several decades ago. Sample degradation was and will always remain a
problem whenever plasmonic substrates with extremely high field enhancements are
irradiated with pulsed excitation. However solutions such as silica coating, atomic layer
deposition, and careful control of irradiation times, fluences, and repetition rates have
resulted in the ability to routinely obtain SER spectra with pulsed excitation. New
developments in combining existing ultrafast techniques with plasmonic materials now
enable the real-time study of chemical reaction dynamics. This will provide an
understanding of the effects of plasmonic fields, plasmon-generated hot electrons, and
molecule-plasmon coupling effects, as well as leading to rational design principles in the
development of devices, which utilize effects of plasmonic fields for chemistry. Finally,
the advancements of ultrafast electron microscopy and ultrahigh vacuum TERS provide a
pathway for spatial resolved ultrafast TERS, which will ultimately lead to following the
spatiotemporally resolved dynamics of a single molecule under the influence of plasmonic
fields.
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