Chapter 2
Plasmonics for Enhanced Vibrational Signatures

Katrin Kneipp, Harald Kneipp and Janina Kneipp

Abstract Vibrational signatures provide key information on the molecular com-
position of matter and on molecular structure and structural changes. Vibrational
transitions in molecules can be probed optically by infrared absorption (IRA) and
Raman scattering (RS). Exploiting local optical fields in the vicinity of plasmonic
nanostructures has revolutionized optics and spectroscopy and opens up exciting new
capabilities, particularly also for vibrational spectroscopy. The basic prerequisites
for plasmon-supported spectroscopy are strongly enhanced and highly confined local
optical fields in the wavelength range applied in the respective spectroscopic method.
Here, we review plasmon supported linear and non-linear vibrational spectroscopies.
Our discussion includes incoherent effects such as surface enhanced Raman scatter-
ing (SERS), surface enhanced pumped anti-Stokes Raman scattering (SEPARS),
surface enhanced hyper Raman scattering (SEHRS), and surface enhanced infrared
absorption (SEIRA), as well as coherent Raman techniques such as surface enhanced
coherent anti-Stokes Raman scattering (SECARS) and surface enhanced stimulated
Raman scattering (SESRS). Emphasis will be placed on materials and nanostructures
that efficiently support various vibrational spectroscopic methods. Selected applica-
tions of surface enhanced vibrational spectroscopy for chemical probing and sensing
will be discussed.
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2.1 Introduction

Building blocks of matter such as atoms in a molecule are in periodic motion
and exhibit intrinsic vibrational modes. Typical vibrational frequencies range from
approximately 10'#Hz (~3,000cm™") for vibrations involving light atoms such as
C-H groups down to the THz range (<100cm™!) corresponding, for example, to
motions of sub-domains in proteins [1, 2]. Spectroscopic observation of vibrational
modes provides a non-invasive key to the chemical composition and structure of mat-
ter. Applying vibrational spectroscopies to small quantities of matter at nanoscale
dimensions and at single molecule level is a great challenge [3]. It can be met by com-
bining vibrational spectroscopy with plasmonics and performing vibrational spec-
troscopy in enhanced local fields in the vicinity of plasmonic structures [4-7].
Figure2.1 shows different processes that can be employed in vibrational spec-
troscopy. Molecular vibrations accompanied by changes of a dipole moment can be
directly accessed by the absorption of infrared photons at the energy of the molecular
vibration hvys. Alternatively, photons can be scattered inelastically on the vibrational
quantum states. As a consequence of this so-called Raman scattering process inci-
dent photons hvy, lose energy by exciting vibrational quanta at energy hvy, and the
scattered light appears at a lower (Stokes) frequency vs = vi — vy. By interacting
with a molecule in an excited vibrational state, incoming photons gain energy from
molecular vibrations, and the scattering signal appears at higher (anti-Stokes) fre-
quency vys = VL, + VM. Probing of vibrational modes by Raman scattering requires
changes of polarizability a with the vibrational coordinate Q. At extremely high
intensities, two photons can be simultaneously scattered by a molecular vibration.
This scattering process, called hyper Raman scattering (HRS) results in an incoher-
ent Raman signal vyg shifted relative to the twice of the excitation frequency vy, with
vhs = 2vp — vM or, for anti-Stokes hyper Raman scattering vhas = 2vp, + vm
[8, 9]. Following one- and two-photon excitation, respectively, the spontaneous
Raman- and hyper Raman scattering processes generate an incoherent Raman signal.
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Fig. 2.1 Spectoscopic methods for probing vibrational transitions displayed in an energy level
diagram, v= 0 and v= 1 are vibrational ground and first excited vibrational states
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In addition to incoherent, spontaneous Raman scattering, vibrational modes can
be probed by coherent Raman processes, also called stimulated, Raman scattering.
There, molecular vibrations are coherently driven by two interacting fields at fre-
quency differences that match vibrational transitions [10, 11]. In coherent Raman
probing, vibrational information appears in strong and directed coherent optical sig-
nals. This makes coherent Raman scattering attractive for fast collection of vibra-
tional information and for vibrational imaging [ 12]. Moreover, time resolved coherent
Raman techniques, such as impulsive stimulated Raman spectroscopy or femtosec-
ond stimulated Raman spectroscopy can provide information on the pathways and
dynamics of chemical reactions, as they allow to monitor vibrational signatures of
intermediate structures with ultrafast time resolution [13-16].

In this article, we focus on surface enhanced vibrational spectroscopy exploiting
enhanced local fields of plasmonic structures. In Sect. 2.2, we introduce the incoher-
ent effects of surface enhanced Raman scattering (SERS), surface enhanced infrared-
absorption SEIRA, surface enhanced pumped anti- Stokes scattering (SEPARS),
and surface enhanced hyper Raman scattering (SEHRS). There, we also explain
the coherent Raman techniques of surface enhanced coherent anti-Stokes Raman
scattering (SECARS) and surface enhanced stimulated Raman scattering (SESRS),
and summarize some important features of these plasmonic supported optical
effects. In Sect. 2.3, we discuss important properties of plasmonic nanostructures and
conditions suitable for enhancing different vibrational spectra obtained in different
wavelength ranges. In Sect. 2.4, we illustrate the capabilities of plasmon supported
vibrational spectroscopy by selected applications, in particular ultrasensitive SEIRA
of protein monolayers, monitoring of catalytic reactions on composite nanostructures
with SERS, and a new class of nanosensors and labels based on SERS-, SEHRS- or
SECARS signals. These examples illustrate how plasmonics transforms vibrational
spectroscopy from a method for chemical structure analysis to a versatile tool pro-
viding information on chemical structures and processes along with ultrasensitive
detection limits and nanoscale confinement of spectroscopic information. Section 2.5
gives a brief summary and outlook to potential future developments in the field.

2.2 “Normal” and ‘“Surface-Enhanced” Vibrational
Spectroscopy

Vibrational modes can be probed based on absorption and inelastic scattering of
photons, as discussed above. Due to the Raman scattering process, vibrational infor-
mation occurring in the infrared range of the spectrum is transferred to the visible,
NIR, or UV range, respectively, depending on the excitation wavelength applied.
Figure?2.1 illustrates some of the different spectroscopic methods for vibrational
probing in an energy level diagram. Usually, in Raman scattering, excitation and/or
scattered photons are not in resonance with any real molecular electronic transition
(see Fig.2.1). In contrast, in resonance Raman scattering (RRS), the excitation laser,
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and often also the Raman scattered photons, match electronic transitions in the mole-
cule. This gives rise to a stronger Raman signal for those vibrational modes which are
related to the electronic transition. But, fluorescence may be excited at the same time,
together with the Raman scattering, and the strong fluorescence signal can interfere
with the Raman Stokes light.

A critical parameter that determines the applicability of a spectroscopic effect
for structural probing is its cross section. Raman cross sections range from 103! to
1072 cm? per molecule. In the case of RRS, cross sections become typically 2-6
orders of magnitude larger. Infrared absorption appears at cross sections from 10722
up to 10729 ¢cm?, i.e. about 10 orders of magnitude larger than non-resonant Raman
cross sections. Overall, even the best cross sections achievable for vibrational spec-
troscopy are still orders of magnitude below those used in electronic absorption and in
fluorescence which can be typically obtained at cross sections of 10~17-10716 cm?.
Despite the high molecular structural information content in vibrational spectra, the
low cross sections, particularly those of Raman scattering, represent a considerable
disadvantage for all applications of vibrational spectroscopy. This applies particu-
larly for two-photon excitation. Cross sections on the order of 107%> ¢cm* s/photon
for HRS—compared to 1075 cm* s/photon typical of two-photon fluorescence—
make the utilization of HRS as a practical spectroscopic tool nearly impossible. This
situation has changed dramatically during the last 15 years. Exciting opportunities
for gaining and improving vibrational signals arise, when spectroscopy takes place
in strongly enhanced local optical fields of plasmonic nanostructures [4, 17, 18].
Field enhancement in such metal structures can be understood in terms of resonant
excitation of high-Q-factor surface plasmon polaritons or/and by field concentra-
tion due to the lightening rod effect [19]. Some effects and observations exploiting
enhanced optical fields, can be explained by looking at metal nanostructures as opti-
cal nanoantenna which can direct and further enhance local optical fields. [20, 21].
We discuss “surface enhancement” for different vibrational spectroscopic methods
in more detail in the following sections.

2.2.1 Surface Enhanced Raman Scattering

Surface-enhanced Raman scattering (SERS) is probably the most prominent
observation to demonstrate the capabilities of plasmon supported spectroscopy.

In analogy to normal, non-surface—enhanced Raman scattering, the number of
Stokes photons per second ngERS in surface-enhanced Raman scattering can be
calculated as

nd RS = Noo SR, (2.1)

where JSSERS describes an effective cross section of the surface enhanced Raman
process, S denotes the Stokes scattering. ny is the Photon flux density of the exci-
tation laser. Ny is the number of molecules in the vibrational ground state, which
are involved in the SERS Stokes process. The cross section for Raman scattering is
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proportional to the square of the change of polarizability o with the vibrational coor-
dinate Q. It is generally agreed that both so-called “electromagnetic” field enhance-
ment effects and “chemical first layer” effects contribute to surface enhanced Raman
signals [22]. The chemical effects include enhancement mechanism(s) of the Raman
signal that can be explained in terms of specific interactions, i.e. electronic coupling
between molecule and metal [23-25], resulting in a larger Raman cross section of
the adsorbed molecule RS ;4 compared to that of the molecule without coupling to
the metal URSfree. The electromagnetic field enhancement arises from the enhanced
local optical field at the location of the molecule in the vicinity of a plasmonic nanos-
tructure [18, 26, 27]. It can be described by field enhancement factors A(v). Using
these field enhancement factors for the excitation and scattered fields, an effective
SERS cross section can be written as

0¥ = o 1A )P 1A s 2.2)
with 5
£ )

AWP= —2 22

A W) £0 [’ (2.22)

where E(v) is the local optical field (laser and the scattered field, respectively), and
E© (v) are the same fields in the absence of the metal nanostructures.

The SERS enhancement factor Gsgrs for Stokes scattering is determined by the
ratio of the effective SERS cross section o-SERS to the normal Raman cross section

URSfree
A (UL) A (vs)

The first term in formula (2.3), oRS ads/ aRSfree , describes the chemical enhance-
ment effect. Chemical SERS enhancement factors may contribute to the total SERS
enhancement at a factor of 10 to 1,000. The second two terms describe the local
field enhancement effect for the excitation and scattered fields, respectively. Both
incoming excitation light and scattered light are enhanced, and—assuming the field
enhancement being roughly the same for the excitation and scattering frequency—
the electromagnetic enhancement scales roughly with the field enhancement factor
to the power of four. Numerous experimental and theoretical studies show that local
field enhancement constitutes the major contribution to the SERS effects by provid-
ing enhancement factors up to 10'2. With a contribution of an enhancement factor
of ~102 due to a chemical SERS effect, total SERS enhancement factors can be on
the order of 10'#. This brings typical non-resonant Raman cross sections to effective

SERS cross sections on the order of 101 cm?.
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GSERS = —g5
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2 2
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2.2.2 Surface Enhanced Infrared Absorption

In principle, all photon-driven processes should benefit from enhanced local optical
fields, and in fact, successful attempts to increase IR absorption signals were reported
only a few years after the discovery of SERS [28]. The sensitivity of infrared (IR)
vibration spectroscopy can be enhanced by several orders of magnitude if plasmonic
electromagnetic nearfield enhancement is exploited. In contrast to scattering, where
at least two photons are involved, SEIRA signals, as the result of a one-photon
absorption process, benefit from local field enhancement A (v) only to the power of
two. The enhancement factor for infrared absorption can be written as

A(ow)

with infrared absorption cross sections o2%%,4s and 022 for the free and adsorbed
molecule, respectively. A(vy) describes the enhancement of the infrared optical field
at the frequency of the vibrational transition. The cross section of IR absorption is
proportional to the square of the change of the dipole moment . with the vibrational
coordinate Q. By analogy with Raman scattering, we take into account that also IR
absorption cross sections may differ for adsorbed and free molecules, i.e. there may
exist also a chemical contribution to SEIRA. The key prerequisites for exploiting
SEIRA in practical spectroscopy are structures which provide field enhancement
also in the IR range. With the concept of a novel resonant mechanism involving the
interference of a broadband plasmon with the narrowband vibration from molecules,
enormous enhancement of the vibrational signals from less than one attomol of
molecules on individual gold nanowires was experimentally demonstrated [29, 30].
The tailored gold nanowires act as plasmonic nanoantennas in the infrared. It was
demonstrated that field enhancement in the IR range can be generated by nanoparticle
arrays that display shifted and broad plasmon resonances in the near to mid-IR [7,
31, 32]. Best SEIRA enhancement factors have been reported to be 10 — 10° [7,
30]. Another approach for generating enhanced and confined local fields in the IR
range exploits resonances with phonon polaritons [33, 34]. Enhancement factors of
100 for IR absorption on polar dielectric silicon carbide nanoparticles have been
reported [34].

abs 2
G _ Oads
SEIRA = — ¢

Gfree

(2.4)

b

2.2.3 Surface Enhanced Raman Scattering Using Two-Photon
Excitation: Surface Enhanced Hyper Raman Scattering

Hyper Raman scattering results in incoherent Raman signals shifted relative to twice
the excitation frequency (see also Fig.2.1). Hyper Raman scattering is related to
higher order terms in the induced dipole moment which become operative at high
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optical field strength
Piyg =aE+ BEE + - -- (2.5)

with P as hyper polarizability. The first linear term including o describes linear
Raman and Rayleigh scattering, the second term describes Ayper Rayleigh and hyper
Raman scattering. Hyper Raman scattering follows symmetry selection rules differ-
ent from Raman scattering. Therefore, it can probe vibrations hat are forbidden in
Raman scattering [8, 9].

As a non-linear, two-photon excited process, HRS depends on the excitation pho-
ton flux density np, to the power of two. In analogy to Eq.(2.1) , the number of

surface-enhanced hyper Raman Stokes photons nSFHRS can be calculated as
nSEHRS — N USEHRSn% (2.6)
where o SEHRS is the effective cross section of the surface-enhanced hyper Raman
process.

HRS can be enhanced in an analogous fashion to normal Raman scattering by
a chemical effect and by enhancement of the optical fields when the molecule is
in close proximity of metallic nanostructures. The effective surface-enhanced hyper
Raman cross section can be written as

SEHRS HRS 4 2
g = Ouds |A (UL)| |A (VhS)l 2.7
where oHRS ads describes an “chemically” enhanced hyper Raman cross section com-

pared to that of a “free” molecule, A (v) describe the enhancement of the optical fields
at the excitation and hyper Raman scattered wavelengths, respectively. We can write
an enhancement factor for SEHRS as

HRS
o
Gsenrs =~ 1A [Aus)? (2.8)

free

Strong surface enhancement corresponding to the field enhancement factor to the
power of six can overcome the inherently weak nature of hyper-Raman scattering
and enable to measure hyper Raman spectra also at the anti-Stokes side [35].

Figure2.2 displays Stokes and anti-Stokes hyper Raman spectra and illustrates
the dependence of non-linear SEHRS signals on the excitation intensity to the power
of two. Effective cross sections of SEHRS have shown to be on the order of 10746 —
10~ cm*s, comparable or even better than the best cross sections for two-photon
fluorescence obtained so far. These cross sections enable the measurement of SEHRS
spectra at excitation intensities of 10° — 10’ W / cm™2, conditions that can be easily
achieved with mode-locked picosecond lasers under weak focusing conditions [36],
and also in tightly focused continuous wave (cw) [37] or low-energy pulsed lasers
[38].
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Fig.2.2 aSEHRS Stokes and anti-Stokes spectra of crystal violet attached to silver nanoaggregates.
The spectra were measured using 1,064 nm mode locked ps pulses at an average power of 40 mW.
Anti-Stokes HRS can be observed because of the extremely high effective cross section of SEHRS.
b The square-law dependence of the hyper Raman scattering signal on the excitation intensity
verifies the two-photon process. cps counts per second (Reprinted with permission from [35])

2.2.4 Surface Enhanced Pumped Anti-Stokes Raman Scattering

Anti-Stokes Raman scattering starts from the first excited vibrational levels (see
Fig.2.1) and is proportional to the number of molecules in the first excited vibra-
tional state N . This number N1, relative to the number of molecules in the vibrational
ground state Ny is determined by the Boltzmann factor. This results in much weaker
anti-Stokes Raman signals than Stokes signals. A strong surface-enhanced Raman
Stokes process with an effective cross section o SERS populates the first excited vibra-
tional levels in addition to thermal population [39—42], and results in an increase of
anti- Stokes signals. Under stationary conditions and in a weakly saturating intensity

regime (exp(—hvy/kT) < USSERS 1) nL << 1), the anti-Stokes signal n,fERS can be
estimated according to
2
n3ERS — Noe~ TSRS ) 4 N (oSERS) 7yn? (2.9)

The first term describes anti-Stokes scattering related to thermal population of
the first excited vibrational state. The second term describes an anti-Stokes signal
related to a population of the first excited vibrational state due to “pumping” by a
spontaneous Raman Stokes process, 11 is the lifetime of the excited vibrational state.
Pumping of vibrational levels by a surface-enhanced Stokes process in the weakly
saturating intensity regime gives rise to a quadratic dependence of the anti-Stokes
signal on the excitation intensity. This nonlinear pumped anti- Stokes scattering can
be described by an effective two-photon cross section o SEPARS

o SEPARS _ (USERS)Z u (2.10)

Assuming a SERS cross section of approximately 10~'® cm? and a vibrational life
time on the order of 10 picoseconds, effective two-photon cross sections can be up
to 107* cm®s. This is about seven orders of magnitude larger than typical cross
sections for two-photon excited fluorescence. Moreover, anti-Stokes spectra provide
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vibrational information at the high energy side of the excitation laser, which is free
from disturbing fluorescence.

SEPARS generates an incoherent anti-Stokes signal. The large effective cross
section can be explained by the nature of the process, which is a two-photon process
using the vibrational level as a real intermediate state. The effective Raman cross
section strongly benefits from enhanced local fields. In an analogous fashion to
formula (2.2), we can split chemical and electromagnetic enhancement and write the
effective surface-enhanced cross section for pumped anti-Stokes scattering as

2
o SEPARS _ (a;;i) T 1A Wo)I* 1A (s) 2 1A (vas) 2 2.11)

Pumped anti-Stokes Raman scattering benefits from enhanced local fields to the
power of eight. Observing the effects of vibrational pumping without support of
plasmonics means dealing with an effective cross section of 10771 cm*s. Excita-
tion intensities on the order of 102° W/cm? would be required in order to bring the
pumped anti-Stokes signal to the level of anti-Stokes scattering from thermally (room
temperature) populated vibrational modes.

2.2.5 Surface Enhanced Coherent or Stimulated Raman
Scattering Methods

The development of lasers has triggered the field of stimulated or coherent Raman
spectroscopy, also called “active Raman spectroscopy” , in the seventies of the last
century [43]. Coherent Raman methods came back to the focus of interest during the
recent decade [10, 11, 44].

In stimulated or coherent Raman probing, two optical fields coherently drive a
vibrational mode while one of these fields, or another third one, probes this coherent
molecular vibration. The third-order non-linear susceptibility X®, which enables
the process, has resonances at the vibrational frequencies and therefore, by tuning
the frequency differences between the lasers, on can probe the vibrational spectrum
of a molecule.

There are different ways to perform coherent nonlinear Raman probing. The two
mostly prominent coherent Raman methods are coherent anti-Stokes Raman spec-
troscopy (CARS) and stimulated Raman spectroscopy (SRS): During CARS, an
excitation laser (vp) and a Stokes laser (vs) generate a coherent molecular vibra-
tion. The excitation laser is scattered again on this vibration and produces a coherent
anti-Stokes signal. The nonlinear polarization, which is responsible for CARS can
be written as

PARS o XD EL (v) EL (v1) E% (—vs) (2.12a)

In contrast, so-called stimulated Raman spectroscopy (SRS) measures changes
in the signal levels of the two lasers which occur due to their non-linear interaction.
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The nonlinear polarization, which generates SRS is
PSR o XD E (v) E} (—vp) Es (vs) (2.12b)

Stimulated Raman spectroscopy can be used in an enhancing or depletion modus
by measuring an enhancement in the lower frequency “Stokes” laser field (stimulated
Raman gain), or a depletion in the higher frequency “anti-Stokes” laser field (stimu-
lated Raman loss or inverse Raman scattering), respectively [11, 14]. Whereas CARS
requires additionally phase matching conditions between the interacting lasers, stim-
ulated Raman spectroscopy always fulfills this momentum conservation automati-
cally.

In the discussed coherent Raman processes, four interacting coherent optical fields
can benefit from plasmonic enhancement. The enhancement factor for the coherent
non-linear Raman processes can be written as

X)?
Gsecars = —&— 1A (L) 1A (v5)* |A (vas)I® (2.132)
free

3
Xgas
GsEsRs = ——33)

Sl 1A )l (2.13b)
free

Here we consider that also the non-linear susceptibility can be different for
adsorbed and “free” molecules.

There are some reports on experimental demonstration of surface enhanced coher-
ent Raman spectroscopy (SECARS) [45-50]. Silver nanoparticle aggregates, silver
films and nanostructured gold surfaces were used as plasmonic enhancing struc-
tures. SECARS enhancement factors exceeding five orders of magnitude have been
observed [49]. Recently, surface enhanced femtosecond stimulated Raman spec-
troscopy has been reported exploiting gold nanoantenna with embedded Raman
molecules. Using a picosecond Raman and femtosecond probe pulse, the time- and
ensemble averaged enhancement factor was estimated in the range from 10* — 100
[51].

Figure2.3 summarizes different plasmon supported spectroscopic methods for
vibrational probing. Note that in incoherent probing, spectroscopic signals linearly
depend on the number of molecules while coherent Raman signals show a quadratic
dependence. In general, field enhancement factors A(v) depend on frequency. How-
ever, Raman shifts are relatively small and therefore, we can assume for SERS,
SEPAS and SECARS that A(vp) ~ A(vs) ~ A(vas) = A(v). SEIRA, SERS and
SEHRS depend on field enhancement factors A (v) to the power of two, four and six
respectively, while SEPARS, SECARS, and SESRS benefit from A(v) to the power
of eight.

For supporting different vibrational spectroscopic methods, field enhancement is
required within very different wavelength ranges including IR and THz frequencies
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Fig. 2.3 Surface enhanced vibrational spectroscopies and their dependence on field enhancement
factors A(v)

for SEIRA and near infrared, visible or near ultraviolet frequencies for linear and
non-linear (resonance) Raman scattering. For SEHRS, optimum structures should
provide high enhancement in two relatively widely separated ranges of the electro-
magnetic spectrum. In the Sect.2.3, we discuss basic requirements for plasmonic
nanostructures suitable for surface enhanced vibrational spectroscopy.

2.3 Plasmonic Nanstructures for Supporting Vibrational
Spectroscopy

The basic property of enhancing plasmonic structures is their capability to generate
spatially confined and enhanced fields due to resonances with the collective oscil-
lations of the free conduction electrons in the metal, so-called surface plasmons.
This requires nanostructures with plasmon resonances in different ranges in the elec-
tromagnetic spectrum. Moreover, in order to achieve high enhancement levels, the
plasmonic elements should have high Q-factors. For a modern summary about the
field of nanoplasmonics, see e.g. [19, 52-55]. The existence of surface plasmons
strongly depends on the dielectric constants of the metal €, and requires negative
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real part of the complex dielectric constant, Ree,, < 0. High Q-factors, i.e. small
damping requires small imaginary parts of ey,. Gold, silver and also copper fulfil
these requirements in the visible and near infrared range. Silver and gold are the
most common materials in plasmon supported optics and spectroscopy. There is a
strong interest in extending the working range of plasmonics by looking for new
materials. For an overview of plasmonic materials see [56].

Properties of surface plasmons and related local optical fields in the vicinity of
plasmonic structures are not only determined by their material properties, but also
by the morphology of the structures. For example, so-called hot spots which provide
extremely strong SERS enhancement always exist for aggregates formed by silver
or gold nanoparticles but not for isolated particles [S57, 58]. For illustration, Fig.2.4
compares SERS experiments performed on isolated gold nanospheres and on small
aggregates formed by these spheres.

In agreement with theory, enhancement factors for isolated gold spheres have
been inferred to be 103 — 10* by comparing surface enhanced Raman signals with
non-surface enhanced standards. These SERS enhancement factors are too small
to measurably populate the first excited vibrational state and the anti-Stokes spec-
trum appears at the expected relatively low signal level (Fig.2.4b). In particular, the
high frequency modes are not seen on the anti-Stokes side due to their low ther-
mal population. This situation changes when the particles form aggregates. Now a
strong anti-Stokes signals appears, in particular also for higher frequency Raman
modes. This is an indication of a very strong Raman process that populates the first
excited vibrational state. The difference in SERS enhancement levels for isolated
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Fig. 2.4 Stokes and anti-Stokes SERS spectra of crystal violet attached to isolated and aggregated
gold nanospheres. Strong anti-Stokes signals for aggregated spheres indicate population of first
excited vibrational states beyond Boltzmann distribution. This population pumping due to a very
strong SERS Stokes process indicates a dramatic increase in local field enhancement for nanoparticle
aggregates versus isolated particles (Reprinted with permission from [58])
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gold nanoparticles and aggregates can be up to 10 orders of magnitude. Isolated sil-
ver nanoparticles and silver nanoaggregates show basically the same behavior [59,
60]. The dramatic increase in field enhancement level can be explained by the inter-
action and hybridization of plasmons in adjacent nanoparticles [55]. Plasmonic field
enhancement exhibits particularly exciting properties for fractal metallic nanostruc-
tures [61-64].

Surface plasmon resonances for isolated particles strongly depend on their shape
and size. Advances in a controlled production of gold and silver nanoparticles make
it possible to tune their plasmon resonances over wide ranges in the visible and NIR.
Figure2.5 summarizes representative tuning ranges for selected gold- and silver
nanostructures [65].

While plasmon resonances mainly cover the range between near ultraviolet (UV)
and near IR, further developing of SEIRA as a spectroscopic tool requires nanos-
tructures which provide high field enhancement in the IR range. Nanoshells are very
interesting ‘“‘single-particle” plasmonic structures exhibiting well-defined tunable
plasmon resonances over wide energy ranges down to the IR [66]. These structures are
of particular interest for the design of enhancing structures for SEIRA experiments
[31, 55, 67]. Also metal nanowires provide sufficiently strong antenna-like plas-
monic resonances in the IR [29]. The resonance of the antenna can be adjusted to the
molecular vibration frequencies by changing the wire length. Arrays where antennae
can couple via nanogaps have been suggested and demonstrated as structures which
provide strong electromagnetic enhancement in the IR range [7, 30]. Vibration-signal
enhancement up to 500,000 have been obtained for molecular monolayers adsorbed
on gold nanowires.

Another methodological challenge in vibrational spectroscopy is plasmonic sup-
ported (resonance) Raman scattering using ultraviolet light for excitation. The exten-

Plasmon Energy /eV
3.5 3.0 25 20 1.5 1.0 0.5

Ag nanospheres
Au nanospheres
nanoshells nanoeggs
nanorods
nanotriangels

nanorice

nanocubes, nanocages, bipyramids

400 500 600 800 1000 3000 5000
Wavelength / nm

Fig. 2.5 Spectral dependence of the plasmon resonance of differently shaped silver and gold
nanoparticles (Reprinted with permission from [65])
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sion of SERS studies to the ultraviolet region, i.e. UV-SERS would offer interesting
capabilities, particularly for supporting UV resonance Raman studies in biosciences
[68, 69]. Aluminium has been considered as one of the best candidates for enhanc-
ing local fields in the UV region [70]. It has been experimentally demonstrated that
Al triangular nanoparticle arrays can support plasmon resonances that are tunable
throughout the visible and into the UV portion of the spectrum [71]. UV-SERS using
ordered Al nanohole arrays are theoretically proposed and simulated by using FDTD
method [72]. SERS spectra observed from crystal violet on aluminium using 244
nm excitation have been reported [73]. Surface-enhanced Raman scattering in the
ultraviolet spectral region was also observed on rhodium and ruthenium electrodes
[74].

Non-linear vibrational probing, such as hyper Raman spectroscopy can require
plasmonic support in very different frequency ranges since the scattering signals
appears shifted relatively to the second harmonic frequency of the excitation laser.
The problem can be addressed by using enhancing structure that exhibit plasmon
excitations over a wide spectral range. For example, silver aggregate structures can
show a broad plasmon spectrum from 400 to 1,200 nm which covers all optical fields
participating in the non-linear Raman effect [75, 76]. Another approach for dealing
with different optical frequencies in non-linear effects employs antenna elements
with different resonance wavelength matching the interacting optical fields [77].
The application of multifrequency gold nanowire antennas has been demonstrated
in frequency conversion experiments.

2.4 Selected Applications of Surface Enhanced Vibrational
Spectroscopy

2.4.1 SERS for Probing Catalytic Reactions

High molecular structural selectivity along with high detection sensitivity suggests
surface enhanced vibrational spectroscopies as powerful methods for monitoring
chemical processes and reactions.
Application of SERS for insight into catalytic processes requires bifunctional nanos-
tructures that provide both plasmonic properties and the ability to act as catalyst.
Direct observations of catalytic reactions have been reported by using composite
nanoparticles with gold for plasmonic and Pt or Pd for catalytic function [78, 79].
In another experiment, gold nannoparticles and catalytic active Pt nanoparticles
have been simultaneous immobilization on a glass surface, see schema a in Fig.2.6
[80]. This approach combines the advantages of easy preparation without the need
for synthesis of composite nanoparticles and high versatility regarding the choice
of catalyst. The proximity of both types of nanoparticles enables interaction of the
molecules with the platinum nanoparticles while they reside in the local optical
fields provided by the localized surface plasmons of the gold nanoparticles. The
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Fig. 2.6 SERS for probing the kinetics of nanoparticle-catalyzed reactions. a Schematic of a mix-
and-match surface with immobilized gold and platinum nanoparticles. The reaction is catalyzed by
the platinum nanoparticles, while the surface-enhanced Raman scattering (SERS) signal is brought
about by local optical fields of the gold nanoparticles b SERS spectra for monitoring the reduction
of p-nitrothiophenol (PNTP) by sodium borohydride to p-aminothiophenol (PATP), spectra were
measured at different time points after the addition of sodium borohydride ¢ Determination of rate
constants for the reduction based on the intensity ratio of the band of PNTP at 724 cm! and of 2-NT
at 599 cm! (Reprinted with permission from [80])

chemical species involved in the catalytic process can be characterized by their SERS
features, see also Fig.2.6b. To monitor the reaction over time, the relative intensity
of typical SERS bands of the starting compound and the end product can be used for
quantification, see Fig.2.6c. Structural characterization of the species in the reaction
and the rate constants are thus determined in the same experiment.
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2.4.2 Vibrational Spectroscopy of Protein Monolayers Using
SEIRA

Compared to SERS and particularly also compared to non-linear Raman methods,
the electromagnetic contribution for SEIRA signals is “modest” since the effect is
only proportional to the square of the field enhancement (see Fig.2.3). However,
IR absorption and Raman scattering follow different symmetry selection rules and
can therefore probe different vibrational modes. For a comprehensive vibrational
characterization, Raman scattering and IR absorption spectra are of interest.

As we have discussed, infrared absorption can be efficiently supported by nanoan-
tenna arrays. The collective resonant excitation of the nanoantenna ensemble results
in signal enhancement factors of 10* — 10°. This “collectively enhanced IR absorp-
tion” (CEIRA) spectroscopy technique allows direct identification of vibrational
signatures of single protein monolayers of silk fibroin, see Fig.2.7a. The ability
to control the thickness of the silk protein films from several nanometers to sev-
eral micrometers provides an opportunity to probe the near field behavior of the
nanorod antenna by varying the film thickness. Due to the rapid decaying of the
strongly enhanced near fields with distance from the nanorod surfaces saturation of
the enhancement is expected to occur for films as thin as 40 nm. Figure 2.7b illustrates
Amide-I and II vibrational modes of the protein back bone. These two vibrations also
appear in the reflectance spectra shown in Fig.2.7c. CEIRA is based on collective
plasmonic excitations created by tailoring of the dipolar interactions in engineered
nano-antenna arrays. The method allows detection of 300 zeptomoles of proteins for
the entire array, corresponding to 145 molecules per antenna.
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Fig. 2.7 Surface enhanced IR reflection absorption spectroscopy (IRRAS) of a single silk protein
monolayer a Silk film thickness is measured by atomic force microscope for a 4 nm thick film.
b Amide-I and II vibrational modes of the protein back bone. ¢ Reflectance spectra from the
nanoantenna array before (dashed line) and after coating of 2nm thick protein film (solid line).
Dashed vertical lines indicate the positions of the protein amide-I and I absorption peaks (Reprinted
with permission from [7])
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2.4.3 New Labels for Linear and Non-Linear Vibrational Probing
and Imaging

During recent years, it has been demonstrated that surface-enhanced Raman scatter-
ing opens up exciting capabilities for creating new labels particularly for biosciences.
Applications of SERS tags have been demonstrated for labeling DNA strands and
proteins [81, 82], for in vivo imaging in a mice [83] and for probing and imaging in
life cells [84, 85].

SERS labels consist of gold or silver nanoaggregates with an attached reporter
species, e.g. a dye, see also Fig.2.8. The labels are detected based on the SERS
signature of the reporter molecule. Distinguishable spectral signatures even for sim-
ilar reporter molecules enable a large pool of spectrally non-overlapping labels [3].
Since SERS works well with molecular non-resonant excitation, all labels can be
used at the same excitation wavelength. Therefore, SERS labels benefit from real
multiplexing capabilities.

As a particular advantage, SERS labels do not only highlight targeted structures
through the specific reporter spectrum, SERS in the local optical fields of the gold
or silver nanostructures also provides sensitive and spatially localized molecular
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Fig. 2.8 Schematic of a multifunctional SERS label built from gold or silver nanoaggregates with
an reporter molecule attached along with its one and two-photon excited spectral signature. The
example shows SEHRS and SERS spectra from a label built from silver nanoaggregates with rose
bengal as reporter molecule. Two-photon excited SEHRS spectra were measured using 1,064 nm
mode locked ps pulses, one-photon excited SERS spectra were collected using 785nm cw light
(Reprinted with permission from [35])
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structural information on the environment of the label [86]. Moreover, the SERS
signature of a reporter molecule, attached to the gold nanoparticle, which exhibits
a pH-sensitive Raman spectrum, can deliver information on the local pH-value in
the surrounding of the label [87]. SERS labels can be functionalized (targeting unit)
using specific linker in order to address specific molecules or structures.

Due to the plasmonic support, SERS appears at high signal level. This suggests
SERS signatures for vibrational imaging.

Two-photon excitation is gaining rapidly in interest and significance in spec-
troscopy and optical imaging. The development of optical labels that are suitable also
for two-photon excitation and non-linear imaging is an important task in advanc-
ing methods for vibrational probing and imaging. Effective plasmonic supported
cross sections of SERS and SEHRS can be on the order of 1077 — 1071® cm? and
10746 — 10™% cm* s, respectively. This suggests versatile optical SERS/ SEHRS
labels suitable for both one- and two-photon probing and imaging. Figure 2.8 shows
the schematic of a SEHRS/SERS label along with its spectral signatures, for this
label, SEHRS and SERS spectra of the reporter molecule rose bengal. Plasmonic
supported Raman labels have also been employed in CARS imaging for immuno-
histochemistry [50].

2.5 Brief Summary and Outlook

Plasmonics supported vibrational spectroscopy can transform vibrational spec-
troscopy from a method for chemical structural analysis requiring relatively large
amounts of matter to a tool for nanosciences providing at the same time high
molecular structural selectivity and ultrasensitive detection limits. Vibrational spec-
tra collected by surface enhanced Raman scattering (SERS), by surface enhanced
infrared absorption (SEIRA), and by surface enhanced two-photon excited hyper
Raman scattering (SEHRS) allow a comprehensive structural characterization of
matter and monitoring of chemical processes. Sophisticated nanoantenna structures
and arrays advance the field of surface enhanced IR absorption. Here, the extension
to the THz range might be of particular interest. A combination of the confined
probed volumes and the enhancement of vibratinal signatures in plasmonic fields
with scanning probe capabilities of an atomic force microscope as it is employed in
tip enhanced Raman spectroscopy enables simultaneous morphological-topological
and molecular structural information at the nanoscale.

In particular, non-linear coherent and incoherent Raman scattering benefits from
plasmonic support. Further progress in theoretical understanding of plasmonic
enhancement as well as advanced technologies for making taylored plasmonic nanos-
tructures will allow us to take advantage of all the potential capabilities of plasmonic
supported non-linear vibrational spectroscopy. First observation of surface enhanced
femtosecond stimulated Raman scattering opens up exciting new ways for probing
ultrafast processes that might occur in plasmon-mediated interaction between mole-
cules and light. Methods such as SEHRS, SEPARS and SECARS combine structural
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sensitivity and selectivity of vibrational spectroscopy, methodological advantages
of multiphoton and coherent spectroscopy, as well as high signal levels and con-
fined probed volumes inherent to plasmon supported spectroscopy. Employing these
advantages opens up exciting capabilities for vibrational probing and imaging.
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