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1 Introduction

Surface-enhanced Raman spectroscopy (SERS) was originally discovered in
the 1970s [1, 2] where it was found that submonolayers of small nonresonant
organic molecules, such as pyridine, when adsorbed onto the surface of silver
nanoparticles (and a few other metals such as copper and gold) would exhibit
greatly enhanced Raman intensities (enhancements of 10%). These results
have always held the promise for using this technique to observe very low
concentrations of molecules on nanoparticles and nanostructured surfaces,
but only recently has this promise started to be fulfilled in a predictable way.
Thanks to exciting advances in techniques for making nanoparticles (such
as nanosphere and e-beam lithography), to characterizing the surfaces using
electron and scanning probe microscopies, to functionalizing the surfaces of
the particles using self-assembled monolayers with attached chemical recep-
tors, and to the laser and optics technology associated with measuring the
Raman spectra, a number of important applications have been reported re-
cently [3]. Included in these results have been the determination of SERS
excitation spectra for benzenethiol on lithographically fabricated silver sur-
faces (periodic particle arrays fabricated using nanosphere lihtography) and
the first observation of glucose using SERS [4, 5].

Another area of great interest in the SERS community concerns the obser-
vation of single-molecule SERS (SMSERS) [6,7,8]. This technique, which was
originally developed in 1997 [6, 7], has proven to be of fundamental interest
due to the nominal enhancement factor of > 103 required for the observation
of any signal, but it has so far proven to be elusive in providing widespread ap-
plicability, due to the limited numbers of molecules and substrates for which
successful observations have been made. In particular, almost all of the obser-
vations to date have been with molecules that are resonant Raman scatterers
(such as rhodamine 6G), which typically have larger Raman intensities for
non-SERS applications than nonresonant molecules like pyridine by factors
of 10* or more. In addition, the range of substrates that yield SMSERS has
been limited mostly to colloidal aggregate structures, which presumably are
efficient at producing particle junction structures (i.e., dimers and small clus-
ters of particles in which a molecule is sandwiched between the particles) that
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are needed to produce the extraordinarily high enhancement factors required
for SERS.

As noted above, SERS has almost exclusively been associated with three
metals, silver (by far the most important), gold and copper. The general-
ization to other metals and other materials has been explored since the dis-
covery of SERS, but only in the last few years have the tools been available
to generate well-characterized experiments where the reported enhancements
are reliable. An interesting result of recent work is that there is evidence
that SERS can be observed for metals like rhodium [9, 10, 11, 12] and plat-
inum [13,14,15,16,17,18,19] that are of key interest to the chemical industry
through their importance in catalysis. Other metals, such as ruthenium [11]
and aluminum [20] have a smaller literature, but remain of great interest
due to their technological applications. The connection of these results with
SERS-enhancement mechanisms is of great interest, but not yet established.

The last few years have seen several studies [21, 22, 23] aimed at us-
ing theory, particularly computational electrodynamics to provide a realistic,
and even quantitative description of SERS. Much of this work originated
with studies of extinction and scattering spectra, which led to an under-
standing of the dependence of the optical properties of metal nanoparticles
on size, shape, arrangement and dielectric environment [24, 25, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35, 36]. In addition, this work builds on earlier the-
ory [37,38,39,40,41,42,43,44,45] in which the basic mechanisms of SERS were
first postulated. This earlier work has been reviewed several times, [46,47,48|
so we will only highlight a few studies. Although the idea that plasmon excita-
tion would lead to enhanced Raman intensities even predates the discovery of
SERS [49], and its possible role was pointed out in early theory papers [43,50],
the first serious estimates of enhanced fields near metal nanoparticles were
done in the late 1970s and early 1980s by Gersten and Nitzan, Kerker and
others [40, 42, 51]. These calculations were based on simple models of the
particle structures, such as spheres or spheroids, and some of the early es-
timates were not careful to distinguish the peak enhancement from average
enhancement. A paper by Zeman and Schatz in 1987 [52] provided a detailed
analysis of results for spheroids for many different metals. This work con-
cluded that the average enhancement factor for silver was approximately 10°
when optimized for particle size and shape. These conclusions were similar
to those from the famous “posts” experiment at Bell labs [53], which for
many years represented the only lithographically fabricated particles used in
SERS experiments. However, the modeling of the posts was based on parti-
cle structures that were adjusted to match measured extinction spectra, so
this did not represent an unparameterized comparison between theory and
experiment.

In this Chapter we will review our recent studies of the electromagnetic
mechanisms of SERS, including both experimental and computational stud-
ies. Our review begins with a discussion of the underlying theory of the
electromagnetic mechanism along with a description of methods now used
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to calculate fields. Then we consider a variety of issues that are important
to the development of an understanding of SMSERS, including an analysis
of SMSERS intensities for isolated particles, SMSERS for junctions between
metal particles, and field enhancements arising from long-range electromag-
netic interactions. In addition, we describe recent electronic structure stud-
ies that are aimed at developing a first-principles understanding of SERS.
Our review concludes with a description of recent experimental studies using
wavelength-scanned SERS excitation spectroscopy (WS SERES) to probe the
electromagnetic mechanism.

2 Electromagnetic Mechanism of SERS

Since Raman intensities scale as the product of the incident field intensity and
polarizability derivative, it comes as no surprise that there are two commonly
considered mechanisms for SERS, one of which involves enhancements in the
field intensity as a result of plasmon resonance excitation, and the other the
enhancement in polarizability due to chemical effects such as charge-transfer
excited states [40, 44, 46, 47, 54, 55, 56, 57]. The first of these is the well-
known electromagnetic enhancement mechanism, and in this mechanism the
enhancement factor E at each molecule is (approximately) given by

E=|Ew)P|EW)P, (1)

where E(w) is the local electric-field enhancement factor at the incident fre-
quency w and E(w') is the corresponding factor at the Stokes-shifted fre-
quency w’. More rigorous expressions for the electromagnetic enhancement
factor, that do not involve a product of fields at different frequencies, have
been given by Kerker [58]. However, numerical values of the enhancements
based on this more accurate expression are only slightly different, so (1) is
almost exclusively used.

In conventional SERS, E is averaged over the surface area of the parti-
cles where molecules can adsorb to generate the observed enhancement fac-
tor (E), while in single-molecule SERS (SMSERS) it is the maximum en-
hancement E. .« that is of interest. Note that E, ,x can be orders of mag-
nitude larger than (E), so the distinction between these two enhancement
estimates is important. Another point is that E is often approximated by
assuming that E(w) and E(w’) are the same, and hence E = |E(w)|*. This
approximation takes advantage of the fact that the plasmon width is often
large compared to the Stokes shift. However, in studies of SERS on isolated
homogeneous particles, this assumption leads to an overestimate of the en-
hancement factor by factors of 3 or more.
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3 Numerical Methods for Calculating Electromagnetic
Enhancement Factors

As noted in the introduction most of the early enhancement-factor estimates
were based on analytical theory (either Mie theory for spheres or quasistatic
approximations for spheroids). A number of theoretical estimates of SERS en-
hancement factors have been made in the last few years for nonresonant mole-
cules on nanoparticle surfaces using computational electrodynamics methods
such as the discrete dipole approximation (DDA) [59] and the finite differ-
ence time-domain (FDTD) [60, 61] method to solve Maxwell’s equations to
determine the local fields E(w). In these methods the particle structures were
represented using finite elements so it is not difficult to describe a particle
of any shape, and sizes up to a few hundred nm are within standard com-
putational capabilities. These theories can also be used to describe many
particles, but ultimately they are limited by the total number of elements
needed to converge the calculation. However, it is possible to couple many
particles together using coupled multipole expansions.

In the DDA method, one represents the particle by a large number of
cubes, each of which is assumed to have a polarizability that is determined
by the dielectric constant associated with the cube. If there are N cubes
whose positions and polarizabilities are denoted r; and «;, then the induced
dipole P; in each particle in the presence of an applied plane wave field
is P, = a;jEjoci(t = 1,2,...,N) where the local field Ejoc(r;) is the sum
of the incident and retarded fields of the other N — 1 dipoles. For a given
wavelength A, this field is:

N
FEioc,i = Eine,i+ Eaipote,i = Eo exp(ik - Ti)_z Aij-Pii=1,2,...,N, (2)
—
=

where Fy and k = 27/X are the amplitude and wavevector of the incident
wave, respectively. The dipole interaction matrix A is expressed as:

s T3 X (133 X P3)
Aij . Pj = kQG i Y ng J
ij
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ij
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where r;; is the vector from dipole ¢ to dipole j. The polarization vectors are
obtained by solving 3N linear equations of the form

AP=E. (4)
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where the offdiagonal elements of the matrix, A;;, are the same as A;;, and the
diagonal elements of the matrix, A’Z—j, are o ! Once the induced polarizations
have been determined it is relatively easy to obtain fields, and therefore field
enhancements, outside the particle using (2) but with all dipoles included in
the sum.

The FDTD method is a time-propagation algorithm for solving Maxwell’s
curl equations on a cubic grid. For a metal in which the dielectric constant

is represented via the Drude model

w?
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in terms of the plasmon frequency w, and width +, these equations are:

O0H __ 1
g
ot = Eoff (v x H — J)7 (6)
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where H, E, J, g, and £y are the magnetic field, electric field, current density,
permeability of free space, and permittivity of free space, respectively. The
effective dielectric constant is e.g = €& if the grid point is inside the
metal, and e.gq = € outside. The finite differencing algorithm was developed
by Yee and involves a staggered grid in which the electric- and magnetic-
field components are evaluated at half-step intervals from one another both
in space and in time. This leads to central-difference approximations to the
derivatives that are second order in space and time.

The finite difference equations are solved subject to an initial wavepacket
that represents the plane wave incident on the particle. Absorbing boundary
conditions are imposed on the edges of the grid to avoid unphysical reflec-
tions. The propagation is continued until the wavepacket no longer interacts
with the particle, and then the time-dependent field E(r,t) is Fourier trans-
formed to determine the frequency-resolved field that is needed for the SERS
enhancement-factor estimate.

4 Results of EM Calculations

Estimates of the SERS enhancements from electrodynamics calculations vary
widely depending on what particle structures are used, but for the con-
ventional SERS enhancement, most calculations find that (E) is less than
roughly 10° [62]. Since this value accounts for most of the observed enhance-
ment factor in conventional SERS (10°-108) this is one reason why it is often
assumed that the chemical contribution to the nonresonant SERS enhance-
ment factor is small (less than 10%) [22]. The story for SMSERS is much
less certain. A major problem in making meaningful estimates of SMSERS
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Fig. 1. Contours of the local field near silver particles at specified wavelengths,
showing values of the peak field | E|?

enhancement factors is that nearly all SMSERS studies have been done using
colloidal aggregates so there are important questions about what aggregate
structures are important, and if, as often is the case, the molecule is assumed
to be sandwiched between two metal particles, then there are serious prob-
lems with the validity of continuum electrodynamics. For isolated particles,
the peak |E|? values for particle sizes and shapes that are commonly stud-
ied in experiments are on the order of 10* or less, Fig. 1, which suggests
enhancement factors of Eyay = |E|* = 108, which is barely above (E). How-
ever, larger values, |E|* = 101°-10*! can be obtained for dimers of silver
particles, as demonstrated in Fig. 2 [21]. These values, which are associated
with the gap between the two nanoparticles, are still below measured esti-
mates of SMSERS enhancement factors (104 or larger [6, 7]) by a factor
of 103 or more, and this is one reason why it is often thought that SMSERS
can only be observed for resonant Raman scatterers. However, this also raises
the question as to whether other particle structures might have even larger
enhancement factors. We will address this later.

In analyzing these enhancement-factor predictions it is important to note
that the key parameter that controls the size of the enhancement factor for
a dimer of nanoparticles is the size of the gap between the particles. In cal-
culations by Hao and Schatz [21], it was found that Ep,.x varies rapidly with
gap size, and it is only for gaps on the order of 1nm to 2nm that one can
obtain exceptionally large values such as |E|* = 10'!. Unfortunately, this is
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just where the reliability of the continuum electrodynamics calculations be-
comes a problem. One source of error is the use of a local dielectric response
model, which is an issue that has occasionally been studied [63], and that
always leads to smaller enhancement factors when factored in. In addition,
for small particles, or even for large particles that have tips or other complex
structures, the influence of scattering of the conduction electrons from the
particle surfaces on the dielectric response can result in plasmon broadening
that reduces enhancement factors [52]. Although corrections for this have
been developed [64, 65, 66] these still use the continuum dielectric response
model, so they ultimately fail for small enough particles. Recently, there has
been some progress with the development of electronic structure methods for
simulating SERS intensities [67, 68] that provides the promise of generating
meaningful enhancement factors without using continuum electrodynamics.
This will be described later.

5 Long-Range Electromagnetic Enhancement Effects

As noted above, the electromagnetic mechanism of SERS predicts enhance-
ments of up to 10! for a dimer of truncated tetrahedron-shaped particles [21]
with a 1 nm gap. Other particle shapes give results that are comparable for
optimized sizes, but what was not considered in this analysis is the possi-
bility that large enhancements can be produced by combining the near-field
effect considered in Fig. 2 with long-range coupling effects such as one can
produce in an aggregate or array of widely spaced particles. There has been
some interest in this point in the description of fractal clusters of particles, as
here one finds local hot spots due to junction structures in the presence of a
large structure that absorbs light efficiently at all wavelengths [8]. Arrays of
particles can also be of interest [69,70], and a particularly exciting possibility
involves arrays of junction structures such as dimers of particles.

Figure 3 shows some of the motivation for how an array can influence
plasmon excitation, in which we examine the extinction spectrum of a one-
dimensional array of 50 nm (radius) spheres, here with the polarization vector
and wavevector of the light both perpendicular to the array. The single-
sphere extinction spectrum in this case shows a broad peak at about 400 nm
that leads to very modest SMSERS enhancements (Epax = 10%). We see
in the figure that for spacings of 450 nm to 500 nm, there are very sharp
peaks in the extinction spectrum that arise from long-range dipolar coherent
dipolar interactions between the particles [71, 72]. Recent experiments have
confirmed this result, although the experimental conditions that lead to the
very sharp lines have yet to be achieved [34]. If we examine the SMSERS
enhancement for the particles in this array at the resonant wavelengths, we
find that Eax = 10%, indicating that an extra factor of 102 is produced as a
result of the long-range electrodynamic interactions [70].
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Fig. 2. Contours of the local field near dimers of silver particles at specified wave-
lengths, showing values of the peak field |E|?
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Fig. 3. Extinction spectra associated with an array of 400 silver particles, each
with a diameter of 100 nm, for the case where the wavevector and polarization
are perpendicular to the array axis. Results are presented for selected nanoparticle
separations from 200 nm to 600 nm

Figure 4 shows a simple example of a structure that one might imag-
ine fabricating that would combine the long-range effect just described with
short-ranged interactions associated with a junction structure. Here we use
an array of dimers of spheres with a spacing that is optimized to produce
the highest possible field enhancement from near-field and long-range effects.
This particular structure gives Ejax = 107, but one can construct even bet-
ter structures by using an array of spheres in which one sphere is replaced
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Fig. 4. Field contours for a single dimer of 100 nm diameter silver particles (left)
at 561 nm (plasmon max), and for an array of 150 dimers (right) whose separation
is 650 nm at 655 nm

by a dimer of truncated tetrahedrons, leading to SMSERS enhancement es-
timates of Epax = 10 [70]. This suggests that enhancements sufficient to
generate SMSERS can be achieved without requiring any chemical enhance-
ment. However, there are a number of problems with this analysis, including
those mentioned previously concerning the validity of continuum electrody-
namics for junctions. In addition, the structure that produces this result is
hard to build, involving an array of a large number of spheres that are pre-
cisely placed, and with a dimer of specially fabricated particles located in
the center of the array. It is also hard to build array structures that produce
large electromagnetic enhancements at both the incident and Stokes-shifted
wavelengths.

Given these complexities, it is desirable to use theory to identify simpler
structures that will still achieve large SMSERS enhancements. One possibil-
ity is to generate array structures that allow for long-ranged interactions at
multiple wavelengths, thereby removing the problem of generating large elec-
tromagnetic enhancements at two wavelengths. For example, the resonances
in Fig. 3 that occur for a wavevector perpendicular to the array can also oc-
cur when the wavevector is parallel to the array, but for a somewhat different
spacing. If one builds two-dimensional arrays that have one spacing in one
direction and another spacing in the other direction, then exceptionally large
electromagnetic enhancement factors should be possible. (Our preliminary
calculations [73] suggest Epyax = 1013714) A second approach is to combine
near-field enhancement from a dimer of metal particles with long-range en-
hancement that can be produced by dielectric structures. One version of this
that has already been done is Shalaev’s work on SERS from metal-particle
aggregates on dielectric tubes in which whispering-gallery mode (WGM) res-
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onances were excited [8]. However, WGM resonances tend to be extremely
narrow, so this may only give enhancement at one wavelength. Indeed, the
enhancement in Raman intensities from WGM excitation in water droplets
is a well-known technique that can either be implemented at the incident or
Stokes wavelengths, but not both [74,75,76,77,78,79]. An alternative that we
have recently modeled [80] is that the near-field region outside a micrometer-
size dielectric sphere has a “hot spot” in the forward direction that arises
from a simple focusing mechanism. Placing a dimer of metal particles at this
hot spot leads to Eax = 10'® under conditions that are relatively easy to
achieve.

6 Electronic-Structure Studies

As mentioned earlier there are a number of problems with the use of clas-
sical electromagnetic theory to describe SMSERS that make it desirable to
develop electronic-structure methods to calculate Raman intensities for mole-
cules adsorbed onto metal particles. This possibility has been of interest for
a long time, and there are a large number of electronic-structure studies of
the static Raman intensities of molecules [81,82,83,84,85,86,87,88,89,90,91,
92,93,94,95,96,97,98,99, 100, 101], in the presence of silver (or other metal)
atoms. However, the calculation of frequency-dependent polarizability deriv-
atives for molecules in the presence of metal particles for frequencies that
are onresonance for excitation of the particles has only been considered in a
few studies [23,102,103,104, 105, 106], and only recently have the theoretical
methods and computational resources become available to enable meaningful
studies of this sort without serious approximations [68]. In these methods,
molecule and metal are treated with the same electronic-structure theory, and
electron correlation needs to be described well enough to include interband
transition effects on the energies of plasmon excitations, and to determine
molecular vibrational frequencies and transition moments accurately.

A promising method for doing this is time-dependent density func-
tional theory (TDDFT) based on the Amsterdam density functional (ADF)
code [68]. In this version, the finite lifetimes of the excited states of the metal
particle are inserted as parameters in the determination of the induced po-
larization. These are adjusted to match measured extinction spectra or other
properties. In a number of applications to metal particles, we find that life-
times in the range 0.01eV to 0.10€V yield accurate absorption spectra.

Figure 5 shows some of the first results of our TDDFT calculations [67],
in this case concerned with the resonance polarizability of a 20 atom (1 nm)
silver cluster that is pictured in the upper left of the figure. The plot shows
both the real and imaginary parts of the polarizability of the cluster as a
function of photon energy. The imaginary part of the polarizability is pro-
portional to the extinction cross section, and indeed this looks very much like
what would come from a continuum electrodynamics calculation for the same
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Fig. 5. Structure of 20 atom silver cluster (upper left), and cluster with adsorbed
pyridine (upper right). Plot at bottom shows the real and imaginary parts of the
Agoo polarizability. The imaginary part is proportional to the extinction spectrum

particle using measured dielectric constants as input. In particular, the reso-
nance wavelength is at about 365 nm, which is almost exactly that expected
from classical electrodynamics. Of course the peak at 365nm is not really
plasmon excitation in the sense of a collective excitation of all the conduc-
tion electrons, however, we find that it consists of a superposition of many
excited states, and these states involve many different kinds of excitations
(one, two, three, etc., excitations) relative to the ground state.

Perhaps the most important feature of the resonance at 365 nm in Fig. 5
is that this leads to SERS enhancement for molecules interacting with the
cluster, such as the pyridine pictured in the upper left of Fig. 5. In Fig. 6 we
show TDDFT Raman spectra that we have calculated for pyridine, both as
an isolated molecule (left panel) and on the cluster (right panel). The spectra
are similar in appearance, but there is a factor of E = 10° enhancement in
intensity due to the metal cluster. Thus, we find that enhanced Raman is
possible for 1 nm clusters, although the effect is smaller than we estimated
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Fig. 6. TDDFT spectrum of pyridine (left), and of the pyridine/Agso complex
(lower right). SERS results from experiment are upper right

earlier using classical electrodynamics for larger (>10nm) particles [22]. The
upper trace in Fig. 5 shows a conventional SERS spectrum of pyridine, and
we see that this is very close in appearance to what we have calculated.

The results in Fig. 6 can be used as the basis for decomposing the SERS
enhancement into chemical and electromagnetic contributions. This work is
incomplete, but preliminary results show [107] important electromagnetic and
chemical mechanism contributions.

7 SERS Excitation Spectroscopy as a Probe
of the Electromagnetic Mechanism

Wavelength-scanned SERES (WS SERES) involves the measurement of
SERS enhancement for several laser excitation wavelengths Aex. This tech-
nique was recognized as a useful tool for probing the em mechanism imme-
diately following the discovery of SERS. An obvious limitation of this tech-
nique is that the number of data points is determined by the tunability of
the excitation laser and detection system. These substantial instrumental re-
quirements have led to the majority of SERES publications suffering from low
data point density and/or limited spectral coverage [108,109, 110, 111, 112].
These limitations prevent the establishment of conclusive generalizations
from SERES data. Additionally, most SERES experiments have been per-
formed using surface-enhancing substrates with an unknown or poorly char-
acterized distribution of roughness features. In the few cases where the sur-
faces are carefully characterized, it is shown that there is a wide distribution
of roughness feature sizes [112, 113]. Other studies do not include charac-
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terization of the localized surface plasmon resonance (LSPR) of the sub-
strate [108,109], which prevents any direct comparison of the excitation pro-
files to the spectral location of the LSPR A ax. The most common substrates
historically employed in SERES experiments are Ag-island films and Ag-
colloidal solutions. In these cases, the majority of the SERS excitation pro-
files peak at an excitation wavelength of maximum enhancement (Aex max)
near 500 nm to 600 nm [113, 114, 115,116, 117]. The peaks of the excitation
profiles have been shown to shift to longer wavelengths with increased ag-
gregation [111, 113,115, 116], which is a qualitative result predicted by the
electromagnetic enhancement mechanism. With these substrates it is diffi-
cult to make a direct comparison between the LSPR of the substrate and
the SERS excitation profile because the LSPR, of the substrate is a superpo-
sition of a wide variety of LSPR wavelengths corresponding to the different
roughness features.

Two exceptions to the above statements regarding roughness features are
the well-known experiments by Liao and coworkers on microlithographically
prepared Ag posts [53] and recent work by Felidj and coworkers on e-beam
lithographically produced arrays of elongated gold nanoparticles [110]. The
former ground-breaking work demonstrated excitation profiles where Aex max
shifts to longer wavelengths with increased particle aspect ratio and with
increased dielectric constant of the medium surrounding the particles. These
results qualitatively agree with the em mechanism, but the LSPR of these
substrates was not characterized for a direct comparison. In the latter work,
the SERS enhancement was shown to peak at the midpoint between the
excitation wavelength and the wavelength of the Raman scattered photon.
This important experiment was the first observation of precisely what is
predicted by the em mechanism. Unfortunately, this result was obtained on
one sample with a profile consisting of three data points.

The limitation of laser and detection tunability has been circumvented
by several researchers using a unique approach that involves investigating
substrates with variations in the spectral location of the LSPR Apax [118,
119, 120]. These variations allow investigation of the relationship between
the LSPR and SERS enhancement using a single excitation wavelength. Our
work using plasmon-sampled SERES (PS SERES) on well-defined arrays of
nanoparticles was the first systematic study using this technique. PS SERES
is a particularly attractive technique from a practical standpoint due to the
fact that varying the LSPR, Ajyax of nanoparticles is typically far easier (and
more cost effective) than accessing a variety of laser wavelengths. The con-
clusion of that study was that the condition for maximum enhancement oc-
curred when the peak extinction wavelength of the LSPR, Apax, is located
near the midpoint between the energy of laser excitation and the energy of
the Raman-scattered photons. This conclusion supports the em mechanism,
which predicts that maximum SERS intensity is achieved when the LSPR
strongly enhances both the incident and scattered photon intensities. WS
SERES allows for a more thorough study of the relationship between the
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LSPR and the Raman enhancement, and it affords the advantage of insur-
ing that particle size and shape do not change throughout a given excitation
spectrum.

The work described below utilizes a broadly tunable Raman system to
measure excitation profiles with the greatest data point density ever demon-
strated in a WS SERES experiment. A broadly tunable laser system, a
versatile detection system, and a well-characterized surface-enhancing sub-
strate were all employed in order to overcome the traditional shortcom-
ings of WS SERES experiments. The use of a CW-modelocked Ti:sapphire
and its harmonics allow for continuous tunability over the spectral ranges
350nm to 500 nm and 700 nm to 1000 nm. The visible region not covered
by the Ti:sapphire system was augmented with the use of a solid-state laser
and a tunable dye laser. A triple spectrograph equipped with a CCD cam-
era allows for rapid, multichannel spectral acquisition with efficient rejection
of Rayleigh-scattered photons. The SERS substrates used in this work are
triangular nanoparticle arrays fabricated by NSL. These substrates present
a significant advantage over many of the traditional SERS substrates for
SERES studies because NSL-fabricated triangular nanoparticles exhibit ex-
tremely narrow size distributions, making them an indispensable tool for
probing the fundamental characteristics of SERS. Even though the surface
coverage of these nanoparticles is ~ 7 %, strong SERS intensities are observed
from analytes adsorbed to these substrates due to the strong enhancement
(E ~ 108, vida infra) NSL-fabricated arrays exhibit [118].

For this detailed set of WS SERES experiments performed on optically
and topographically characterized SERS substrates, the relative SERS en-
hancement of the substrates has been shown to vary by three orders of mag-
nitude over the spectral range investigated. It is worth noting that this was
not principally a study on the practical application of SERS for chemical
analysis. Factors such as spectrograph throughput, detector efficiency, and
the v* scattering dependence of Raman photons play an important role in
the practice of Raman spectroscopy. Instead, this study was performed in
order to contribute fundamental insights into the origins of the SERS effect
and to test various aspects of the em mechanism not previously studied. How-
ever, the conclusions reached are extremely important for the optimization
of a surface-enhanced spectroscopy.

Figure 7 shows a schematic of the instrumentation used for the SERES
experiments. All optical measurements were performed using an inverted mi-
croscope equipped with a 20x objective (NA = 0.5). The light scattered by
the samples was analyzed with a three-stage spectrograph equipped with a
liquid-nitrogen-cooled, deep-depletion CCD detector. For the NSL-fabricated
triangular nanoparticles, in-situ measurement of the LSPR spectrum was
achieved by illuminating the sample with the microscope lamp and analyzing
the transmitted light with a fiber-optically coupled miniature spectrometer.
It is worthwhile to note that all illumination powers reported in this section
were the laser powers incident on the microscope beamsplitter, not the power
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Fig. 7. Schematic diagram of the WS SERES apparatus
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Fig. 8. Schematic diagram of flow cell containing cyclohexane for intensity standard
measurements

incident on the sample. Based on experimental measurements, approximately
5 % to 10 % of the reported power is incident on the sample; however, because
of the intensity standard the absolute power at the sample is not a critical
measurement.

In order to correct for any variation of the SERS intensity not due to
the enhancement by the substrate, the 1444 cm ™! normal Raman scattering
band of neat cyclohexane was used as an intensity standard. This standard
was used to correct for the inherent v* behavior of Raman scattering, spec-
tral dependence of the detection system, and differences in the illumination
power. This was accomplished by mounting each sample face down as the
bottom window of a transparent flow cell. When the flow cell was filled with
cyclohexane, the nanoparticle array with an adsorbed benzenethiol monolayer
was not in contact with the cyclohexane liquid. In this way, following each
SERS acquisition, an intensity standard spectrum of cyclohexane could be
taken by translating the inverted microscope objective ~ 400 pm vertically.
A schematic depiction of this setup is shown in Fig. 8.

A representative SERS spectrum of benzenethiol on a Ag-nanoparticle
array is shown in Fig. 9. An AFM image of the sample from which this spec-
trum was taken is shown in the inset. This array was fabricated by depositing
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Fig. 9. Representative SERS spectrum of benzenethiol-dosed NSL substrate. Aex =
620 nm, P = 3.0 mW, acquisition time = 150s. An atomic force micrograph of the
sample is shown in the inset

A Wavelangth (nm) B. Wavelenath {nrm)
600 500 400 ane oo €00 500
L L B.OE+5 L L 1 12E+47
016
% m 0.16-] m
| 5.0E+5 2 F1.0E+7 L
= Sle =
S oz a0E+5 B |2 pqad B.0E+6 B
2 e 3
= o|E T
5 F3.0E+5 2 b | 6.0E+6 =
008 g 0124 ?_‘?
. 2 g 406
004+ T T ——T—+ 1.0E+5 o4 T T T —— 2.0E+6
18000 18004 2000022000 24000 1400016400 18000 20000 22000
Wavenumbers [am’'} Wavenumbers (crm )
C Wavelength (nm) D Wavilength {nrm)
1000000800 700 OO 500 © {000 SD0RO0 TDO 600
L ’ 18E+T E— 1 1.0E+8
0184 .34 -
! 7 soer 7
0.16 F1.2E+7 ,‘j:,r 4 03:’,
= [
.24
£ paad . 8 % 9 [BEDEsT 3
g Feoess 32| £ Z
& oz 2% l40Es7 2
i | 04 bl
| 4.0E+6 i @
0.1 5 P05 &
»
0.DB T - - COE+D o T - T - 0.0E+0
10000 12000140001 6000 18000 20000 10400 1 2000 14000 1500415000 20000
Wavenumbers [om’} Wavenumbers (cm )

Fig. 10. Surface-enhanced Raman excitation spectra of the 1575cm™! peak of
benzenethiol with cyclohexane as intensity standard. (a) Substrate annealed at
300 °C for 1h. LSPR Amax = 489 nm, profile fit maximum at Aex,max = 480 nm. (b)
LSPR Amax = 663 nm, profile fit maximum at Aex,max = 625 nm. (¢) LSPR Amax =
699 nm, profile fit maximum at Aex,max = 671 nm. (d) LSPR Amax = 810 nm, profile
fit maximum at Aex,max = 765 nm



Electromagnetic Mechanism of SERS 35

55nm of Ag through a mask formed with 450 nm diameter nanospheres. Fig-
ure 10 shows four excitation profiles for the 1575 cm ™! peak of benzenethiol,
each with an LSPR A,.x at a distinctly different location. The SERES pro-
file in Fig. 10a consists of 13 data points measured over the spectral range
420 nm to 500 nm. Because the formation of a monolayer of benzenethiol on
these nanoparticle arrays results in a significant redshift in the position of
the LSPR Apax, it was necessary to anneal this sample at 300 °C for 1 h prior
to benzenethiol addition in order to achieve a final LSPR Ap.x at a wave-
length shorter than 500 nm. It has been previously shown that annealing
NSL-derived samples results in a large blueshift of the LSPR due to chang-
ing the shape of the nanoparticles [121]. The LSPR Apax of this substrate
was measured to be 489 nm (20450 cm™!). The largest SERS enhancement
occurs at Aex = 485nm. Fitting a Gaussian lineshape to the data reveals
that the peak of the excitation profile, Aex max, is 480 nm (20 833 cm_l). The
peak E value for this sample was calculated to be 5.5 x 10°. This value is low
in comparison to the values determined for the other samples because the
shape of the nanoparticles is made more ellipsoidal by annealing. In addition
to shifting the LSPR Apax to shorter wavelengths, this change decreases the
intensity of the electromagnetic fields at the nanoparticle surfaces.

The SERES profile in Fig. 10b consists of 14 data points measured over
the spectral range 532 nm to 690 nm. The LSPR Ay ax of this substrate was
measured to be 663nm (15083 cm™1!). The largest SERS enhancement oc-
curs for Aex = 625nm. The maximum of a Gaussian lineshape fit to the
data is 625nm (16 000 cm~!). The peak E value for this sample is 1.2 x 107.
The SERES profile in Fig. 10c consists of 15 data points measured over
the spectral range 532 nm to 740 nm. The LSPR A .x of this substrate was
measured to be 699 nm (14306 cm~1!). The largest SERS enhancement oc-
curs for Aex = 670nm. The maximum of a Gaussian lineshape fit to the
data is 671 nm (14903 cm~1!). The peak E value for this sample is 1.4 x 107.
The SERES profile in Fig. 10d consists of 15 data points measured over the
spectral range 630 nm to 800 nm. The LSPR A ax of this substrate was mea-
sured to be 810nm (12346 cm™!). The largest SERS enhancement occurs
for Aex = 770nm. The maximum of a Gaussian lineshape fit to the data is
765nm (13 072cm™1). The peak E value for this sample is 9.3 x 107.

In order to verify that this behavior can be generalized, two SERES exper-
iments were undertaken in which a different benzenethiol band (1081 cm™1)
and intensity standard were monitored. In this case, the intensity standard
was the 520cm ™! phonon mode of silicon. The wavelength-dependent ab-
sorptivity of silicon requires that the measured Raman intensities must be
corrected for differences in laser penetration depth. The penetration depth
was calculated at all of the excitation wavelengths using the silicon absorp-
tivities measured by Aspnes and Studna [122]. The silicon spectra were then
normalized so that the intensities were representative of equivalent probe
volumes. In addition, a correction was performed to account for the fact
that the 520 cm ™! band of Si scatters at a significantly different wavelength
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from the 1081 cm™! band of benzenethiol, particularly at redder excitation
wavelengths. No correction was performed to account for variation in the
Raman-scattering cross section of silicon because over the range of excita-
tion wavelengths utilized in this work, the differences in the experimentally
determined values of the polarizability of silicon are negligible [123]. The
excitation spectra are shown in Fig. 11. The SERES profile in Fig. 11a con-
sists of 13 data points measured over the spectral range 475nm to 700 nm.
The LSPR Ay of this substrate was measured to be 690 nm (14493 cm™1!).
The largest SERS enhancement occurs for Aex = 660 nm. The maximum of
a Gaussian lineshape fit to the data is 662nm (15106 cm™!). The peak E
value for this sample is 1.9 x 107. The SERES profile in Fig. 11b consists
of 17 data points measured over the spectral range 630 nm to 790 nm. The
LSPR Ay of this substrate was measured to be 744 nm (13441 cm~1). The
largest relative SERS intensity occurs for Ay = 700 nm. The maximum of a
Gaussian lineshape fit to the data is 715 nm (13986 cm™!). The peak E value
for this sample is 1.8 x 107.

Each substrate exhibits a SERES profile that has a similar lineshape
to the extinction spectrum of the substrate. Also, the Acx max for the NSL-
fabricated substrates is consistently shorter than the LSPR A ax. In all cases,
the maximum SERS enhancement occurs when the substrate LSPR A\pax 1S
located between Aox and Ayjp. Under these conditions, both the incident
and scattered photons experience enhancement by the LSPR. This data is
in accordance with the em mechanism of SERS and the experimental work
performed previously using PS SERES.

If the peak in the SERS enhancement occurs when the LSPR A ax of the
sample is equal to (Aex + Avib)/2, then Aexmax should be different for the
various Raman bands of benzenethiol on a single sample. It is expected that
Aex,max Will have a larger separation from the LSPR A« for a large Raman
shift than for a small shift. Excitation profiles for three benzenethiol peaks on
a single substrate are shown in Fig. 12. For this substrate, the LSPR Apax is
729 nm. Figure 12a shows the SERS excitation profile for the 1575 cm ™! peak
of benzenethiol, normalized to the 1444 cm ™! peak of liquid cyclohexane. The
separation in wave numbers between the LSPR Apax and Aex max is 734 cm™ L
In Fig. 12b, the excitation profile for the 1081 cm~! benzenethiol peak (nor-
malized to the 1028 cm~! peak of cyclohexane) is shown. The separation in
wave numbers between the LSPR Apax and Acx max is 569 cm~!. Finally, in
Fig. 12c, the excitation profile for the 1009 cm~! benzenethiol peak (normal-
ized to the 1028 cm ™! peak of cyclohexane) is shown, and the separation in
wave numbers between the LSPR Ajyax and Aex max is 488 cm~!. This data
demonstrates the qualitative trend whereby the Aex max in the excitation spec-
tra of larger Raman-shifted bands yield a larger separation from the LSPR
Amax than those of smaller Raman-shifted bands, and this once again lends
support to the electromagnetic mechanism.

Previous work has demonstrated that the spectral location of the LSPR
is extremely sensitive to the presence of molecular adsorbates [26, 124, 125].
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Fig. 11. Surface-enhanced Raman excitation spectra of the 1081 cm™' peak of

benzenethiol with Si as intensity standard. (a) LSPR Amax = 690 nm, profile fit
maximum at Aex,max = 662nm. (b) LSPR Amax = 744 nm, profile fit maximum at
)\exﬁmax = 715nm

Therefore, it is important to note that the relationship between the LSPR
spectra and SERES profiles depicted in Fig. 10, Fig. 11 and Fig. 12 pertain to
LSPR spectra measured after adsorption of the analyte molecule. Figure 13
demonstrates the importance of considering this point. For a bare nanopar-
ticle array, the LSPR A\.x was measured to be 672 nm. After incubation in
1 mM benzenethiol for > 3 h, thorough rinsing with methanol, and drying, the
LSPR Anax was observed to have redshifted by 57nm to 729 nm. Measure-
ment of the WS SERES profile yields Aex,max = 692nm. This is blueshifted
with respect to the LSPR Aj.x of the adsorbate-covered sample, as observed
for the other samples used in this study, but redshifted with respect to the
LSPR Anax of the bare nanoparticle array. This demonstrates that it is criti-
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cal to characterize the LSPR of a SERS substrate after analyte adsorption in
order to choose the appropriate laser excitation wavelength for maximizing E
or to draw any conclusions about the fundamental mechanism of the SERS
effect.

This work demonstrates the most thorough WS SERES experiments ever
performed on optically and topographically characterized SERS substrates.
The experimental apparatus utilized has proven effective for the measurement
of relative SERS enhancements that vary by three orders of magnitude. This
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Fig. 13. LSPR shift and SERES profile for the 1575cm™! peak of benzenethiol.
The line with Amax = 672 nm is the LSPR extinction of the bare nanoparticle array.
The line with Amax = 729 nm is the LSPR extinction of the nanoparticle array with
an adsorbed monolayer of benzenethiol. The line with Aex,max = 692 nm is the best
fit to the SERES data points

work demonstrates that the relationship between the substrate LSPR and the
SERES profile for size-homogenous nanoparticles is consistent throughout the
visible range. In all cases the experimentally observed behavior is consistent
with that predicted by the em mechanism. Specifically, the strongest SERS
enhancement occurs under conditions where the incident and Raman scat-
tered photons are both strongly enhanced. The largest E measured was ~ 108
for the triangular nanoparticle arrays studied. Ultimately, refinement of the
experimental apparatus and optimization of SERS enhancement will allow
SERES to be performed using single-nanoparticle substrates. This level pro-
vides the best possible case in terms of reducing sample heterogeneity. These
experiments are expected to provide key information to validate the em mech-
anism of SERS and will present an additional technique that can be used to
study the SMSERS effect.

8 Conclusions

Using electrodynamics calculations, predicted E values as large as 10'! have
been shown for nanoparticle dimers with small (1nm to 2nm) gaps. An E
value of 10'3 can be achieved with an array of dimers of truncated tetra-
hedra. This suggests that it is at least theoretically possible to realize an
enhancement sufficient to generate SMSERS without appealing to any chem-
ical enhancement. Because the structures required to produce the largest
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enhancements are difficult to build and unlikely to be what is occurring in
experimental SMSERS, other simpler structures have also been explored.

To overcome the difficulties associated with using classical electromag-
netic theory to model SERS for small nanoparticles with very small gaps,
electronic structure methods are being developed for use in this area. Pre-
liminary TDDFT calculations have shown good agreement with experiment
for the SERS spectrum of pyridine. This method can be used to decompose
the SERS enhancement into chemical and electromagnetic contributions, and
the first results have shown important contributions from both sources.

The WS SERES results reviewed herein are the most detailed ever per-
formed on optically and topographically characterized SERS substrates. The
SERS enhancement factor has been shown to vary significantly as a function
of laser wavelength for substrates with LSPR Apnax values throughout the
visible spectrum. The consistent conclusion, verifying the electromagnetic
mechanism prediction, is that the SERS enhancement factor is maximized
when both the incident laser and Raman-scattered photons are strongly en-
hanced. This occurs when the incident laser is on the higher-energy side of
Amax, and the Raman shift is on the lower-energy side. Additionally, the elec-
tromagnetic mechanism prediction concerning the effect of the Stokes shift
on SERES has been verified. Specifically, the data demonstrates that a peak
with a smaller Raman shift shows a maximum enhancement closer in energy
to the LSPR A ax than a peak with a larger Raman shift. The conditions
for maximum SERS enhancement are determined after the addition of the
analyte molecule because of the significant shift in the LSPR A ax caused by
analyte adsorption. The adsorbate-induced LSPR shift and SERES Stokes
shift are in opposite directions. The largest E measured was ~ 108 for the
triangular nanoparticle arrays studied, which is in accordance with theory
and previous experimental work.
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