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We studied the influence of localized surface plasmon resonance �LSPR� sustained by arrays of metallic
nanoparticles on the efficiency of surface-enhanced Raman scattering �SERS�. We found that the Raman
enhancement that originates from the excitation of LSPR does depend on the particle shape. Two different
shapes were investigated: cylindrical particles, for which the maximum of Raman enhancement occurred for a
LSPR located around 650 nm, and ellipsoidal particles, which exhibit the strongest SERS signal at 700 nm.
These results are compared to an analytical model in the quasistatic approximation. This model, though being
quite simple, can give an explanation of the observed differences in terms of the lightning rod effect.
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I. INTRODUCTION

Surface-enhanced Raman scattering �SERS� has proven to
be a powerful technique to observe very low concentrations
of chemical species and even individual molecules.1,2 To
achieve SERS of single molecules, Kneipp et al.2 took ad-
vantage of metallic colloidal solution to reach enhancement
factors close to 1014, whereas Nie et al.1 used isolated me-
tallic nanoparticles combined with resonant Raman spectros-
copy. This huge enhancement arises mainly from an electro-
magnetic mechanism and also, to a lesser extent, from a
chemical effect.3 The latter mechanism is related to the
charge transfer between the surface and the molecules and/or
to the formation of chemical bonds between them resulting
in a shift of the electronic energy levels. Its contribution to
the SERS signal was estimated to be at most 102 on an over-
all average enhancement factor of at least 106.3 In this paper,
we do not focus our study on this effect but on the electro-
magnetic one, which involves the excitation of surface plas-
mons. We use metallic nanoparticle arrays that sustain local-
ized surface plasmons �LSP� able to create, when excited
resonantly, a huge electromagnetic field confined around the
particles.4 By varying the array parameters �particle size and
shape, grating constant�, the LSP resonance �LSPR� can be
tuned over the whole visible range.5,6 To understand the con-
tribution of LSP to the enhancement of the Raman signal, we
apply a method proposed by Haynes et al.7 called the
plasmon-sampled surface-enhanced Raman excitation spec-
troscopy �PS-SERES�. This method consists of illuminating
different samples, exhibiting a specific LSPR, each with a
defined particle shape and size, with the same laser line and
then plotting the Raman signal against the LSPR position. In
this paper, we present the influence of LSPR on the Raman
enhancement produced by SERS active substrates composed
of cylindrical and ellipsoidal gold nanoparticles. We have
also compared these results with an analytical model based
on the quasistatic approximation.4

II. EXPERIMENT

Nanostructures of a desired shape, size, and arrangement
are designed through electron beam lithography �EBL�. To

achieve EBL we operate a 30 kV Hitachi S-3500N scanning
electron microscope �SEM� equipped with a nanometer pat-
tern generation system �NPGS, by J. C. Nabity�. Details of
our EBL procedure are given in Grand et al.6 This technique
provides homogenous arrays of gold particles, as can be seen
in Fig. 1�b�. Each array covers an area of 80�80 �m2,
which allows us to have several different arrays on the same
sample. SERS-active substrates are immersed in a 10−3 M
solution of trans-1,2-bis�4-pyridyl�ethylene �BPE� during 1 h
and dried with nitrogen. Extinction8 and Raman spectra are
recorded on a modified Jobin-Yvon micro-Raman spectrom-
eter �Labram� on the same zone of the sample with the same
�10 objective �N.A. =0.25� �Fig. 1�b��. Raman measure-
ments are carried out with the 632.8 nm line of a He-Ne laser
and the intensity of the signal is estimated by calculating the
area of a Lorentzian fitted BPE band located at 1200 cm−1

�this mode has a significant ethylenic CvC stretch charac-
ter; see Ref. 9 for details�. After the optical characterization

FIG. 1. �a� Experimental setup. Extinction spectroscopy: the
sample is illuminated in transmission by a collimated light source
and the notch filters are removed. Raman spectrum: classical back-
scattering configuration, using the 632.8 nm output of a He-Ne
laser. �b� Variation of the LSPR wavelength with the diameter of
cylinders �open circle� or the length of ellipsoids major axis �full
circle�. Inset: SEM images of typical arrays of ellipsoidal �minor
axis: 50 nm, major axis: 120 nm, height: 50 nm� and cylindrical
�diameter: 100 nm, height: 50 nm� particles achieved by EBL. The
gap between two nanoparticles is kept constant at 200 nm.
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and Raman measurements, the shape, lateral sizes, and
height of the metallic nanoparticles are checked by combin-
ing the use of a SEM �Hitachi S-3500N� operating in low
vacuum mode and an atomic force microscope �AFM� �Ther-
momicroscope CP-Research� operating in the tapping mode.

III. RESULTS

For ellipsoidal particles illuminated with linearly polar-
ized light, the two LSP modes located in the substrate plane
can be independently excited. These modes are spectrally
separated, as is visible in Fig. 2�a�, thereby giving different
Raman intensity; in this case, when the laser polarization is
set along the major axis, a strong Raman signal is recorded
while only a very weak signal is acquired for a polarization
direction along the minor axis �Fig. 2�b��. Actually, the Ra-
man intensity strictly follows the excitation of the LSP mode
along the major axis, as shown in Fig. 2�c�. This polarization
dependence of the SERS signal and the LSPR intensity can
be fitted with a square of the cosine function.10 These syn-
chronous variations indicate that the SERS signal arises from
an electromagnetic mechanism and not from a chemical one.
Throughout this article, to record the LSP and Raman spec-
tra, the incident laser polarization is set parallel to the major
axis of the ellipsoids.

By varying the cylinder diameter and the major axis
length of the ellipsoidal particles, the LSPR is tuned over a
wide range of wavelengths as shown in Fig. 1. Figure 3
presents the Raman signal plotted against the LSPR position.
To avoid any artifactual measurements, the same experi-
ments have been repeated with several samples. For each
kind of particle, the Raman signal has been normalized to the
most intense spectrum. Both cylindrical and ellipsoidal par-
ticles exhibit a maximum of Raman enhancement for a spe-
cific LSPR and yield no measurable signal far away from it.
The position of this maximum differs from cylindrical to
ellipsoidal particles, the highest enhancement being obtained
for a LSPR around 650 and 700 nm, respectively. Moreover,
both curves display a shoulder at approximately 700 nm for
cylinders and 650 nm for ellipsoids. Whatever the differ-
ences between the two Raman intensity curves, one can ob-
serve that the Raman enhancement occurs within the same
wavelength range �namely 600–750 nm�. Such an observa-
tion suggests the existence of two components in the experi-
mental curves: one at 650 nm and another at 700 nm.

In order to explain the link between LSPR position and
Raman enhancement, Wokaun4 proposed the following ex-
pression for the Raman enhancement factor, g, in the quasi-
static approximation:

g = �f��0� · f��R��2, �1�

where

f��� =
V

2�l3

���� − 1

1 − �1 − �����Aeff
, �2�

where �0 and �R are, respectively, the incident laser and

Raman wavelengths, V is the particle volume, l is the half-
length of the particle axis parallel to the excitation polariza-
tion, ���� is the material dielectric function, and Aeff is the
effective depolarization factor described in Ref. 4,

FIG. 2. �a� Extinction spectra of an ellipsoidal particle array
�major axis: 120 nm, minor axis: 50 nm, height: 50 nm� for two
polarization directions of the incident light, parallel and perpendicu-
lar to the major axis. �b� Raman spectra of the BPE recorded for
two polarization directions of the incident laser, parallel and per-
pendicular to the major axis. �c� Raman �open circle� and LSPR
�mode along the major axis located at 750 nm, full circle� intensity
plotted against the polarization angle �0° is for a polarization par-
allel to the major axis�; the solid line is the cos2 fit.
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Aeff = A −
4�2

3�2 V2/3 − i
4�2V

3�3 , �3�

where the latter factors take into account the shape of
the particle �A is the pure geometrical consideration� and
some first order corrections to the quasistatic model
��4�2 /3�2�V2/3 is dynamic depolarization,11 i�4�2V /3�3� is
radiation damping4�.

According to formula �1�, the enhancement factor consists
in two different terms: f��0�, which stems from the particle
near-field enhancement at the incident wavelength, and f��R�
arising from the reradiation of the molecule Raman near-field
by the particle. According to this model, the best enhance-
ment should be located between �0 and �R, as observed ex-
perimentally by Haynes et al.7 It has also been suggested that
it may occur for a LSPR close to the average of the excita-
tion wavelength and the Raman wavelength.12,13 Since we
illuminate our samples at �0=632.8 nm and use the
1200 cm−1 band ��R=684.8 nm� to calculate the Raman sig-
nal, the maximum of enhancement should be obtained for a
LSPR between these two values. For other Raman bands, the
experimental curves should be up- or downshifted when the
Raman wavelengths increases or decreases, respectively.

Regarding experimental data for cylindrical particles, the
evolution of the Raman signal with respect to the LSPR is in
agreement with the rule given in Ref. 13 since the maximum

of enhancement is experimentally found at approximately
650 nm. However, it is not suitable for ellipsoidal nanopar-
ticles that yield a maximum of Raman signal around 700 nm.
To determine the origin of the differences between cylinders
and ellipsoids, the LSPR and the associated enhancement
factor has been calculated for different kinds of nanostruc-
tures. Cylinders were approximated as oblate particles and
ellipsoids as prolate �Fig. 3�.14 The calculations were carried
out with nanostructures surrounded by air, the incident light
being polarized along the longer axis of cylindrical �diam-
eter� and ellipsoidal �major axis� particles.

For cylindrical particles, we obtain with the analytical
model a symmetrical curve �Gaussian shape� exhibiting a
maximum of enhancement around 640 nm. This maximum is
close to the experimental one. However, we can notice a
deviation of the theoretical curve from the experimental one
for short wavelengths. To improve the model, it is possible to
take into account an effect induced by the particle geometry:
the tip effect, also known as lightning rod effect. The tip
effect actually implies some accumulation of charges at the
particle extremities, thus generating large enhancement, es-
pecially for nonsymmetrical structures such as ellipsoids.
Hence the new expression of the electrical field enhancement
derived by Wokaun,4

G = �4��f��0� · f��R��2. �4�

� is a purely geometrical factor and � is an “attenuation
factor,” introduced to offset the enhancement induced by the
previous factor by averaging the electrical field over the
whole particle surface �see Ref. 4 for more details�. The re-
sults of the calculations are presented in Fig. 3. The dotted
curves represent the Raman enhancement including the light-
ning rod effect correction. We can see that, for cylindrical
particles, this curve is slightly redshifted �maximum close to
660 nm� compared to the case where no tip effect is consid-
ered �“g factor” curve that exhibits a maximum at 650 nm�.
Taking into account the lightning rod effect also reproduces
the asymmetrical shape of the experimental curve. Thus,
such a model provides a good approximation of the SERS
experiments for cylindrical geometry.

For ellipsoidal particles, with or without the tip effect cor-
rection, the analytical model does not fit the experimental
points. Nevertheless, the theoretical model can help us to
explain the observations on ellipsoidal particles. If we do not
take into account the tip effect, we obtain a curve with a
maximum close to 650 nm and a shoulder at 675 nm. The tip
effect being taken into consideration, the curve now exhibits
a maximum at 675 nm and a shoulder around 650 nm. Thus,
for ellipsoidal particles, two components to the Raman en-
hancement can be found on the theoretical curve. The first
one at 650 nm corresponds to equivalent contributions of
f��0� and f��R�, whereas, for the second one located at 675
nm, there is a prominence of f��R�. Their relative intensity
will depend on the tip effect. Indeed, from the shape of the
curve, we can assess that the tip effect favors the reradiation
of Raman scattering by the nanoparticles and then strength-
ens the f��R� contribution. This observation can also give
information on the cylindrical particle behavior. Indeed, as
mentioned above, the calculations including the lightning rod

FIG. 3. Raman intensity of the 1200 cm−1 BPE line vs LSPR:
�a� for cylinders, �b� for ellipsoids. Solid lines are the binned aver-
age values of the LSPR and the Raman intensity. The dashed and
dotted lines are the calculated curves �dashed line: g factor, dotted
line: G factor�.
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effect �G factor� for cylindrical particles exhibit an asym-
metrical shape on the high wavelength side. This shape can
be assigned to an increase of the relative intensity of the
Raman signal reradiation process. On the contrary, for cylin-
drical particles, the theoretical curve without tip effect is
symmetrical with no enhanced contribution of the reradiation
process. In this way, in experimental cases, the two compo-
nents observed at 650 and 700 nm on experimental curves
are related to two contributions. The first one is the classical
SERS enhancement factor �g� and is located at the average
between �0 and �R, whereas the second one is favored by the
tip effect at the Raman wavelength �R.

The nanoparticles with ellipsoidal shape are largely more
influenced by the tip effect than the cylinders. In this case,
the differences between cylinders and ellipsoids observed for
the Raman enhancement can be assigned to the tip effect; the
more this effect is enhanced, the more the reradiation process
is favored.

IV. CONCLUSION

Our results support the fact that the optimization of SERS
efficiency, relative to the LSPR, strongly depends on the

shape of the metallic nanoparticles. Moreover, these experi-
ments confirm that the maximum of Raman enhancement is
obtained for a LSPR located between �0 and �R. However,
the assumption that this enhancement should be maximum
for a LSPR wavelength situated halfway between �0 and �R
is not verified for all particle shapes. This rule is satisfied by
particles with a cylindrical shape, but fails to explain the
position of the maximum of enhancement for ellipsoids. Ac-
tually, in the enhancement process, both parts of the en-
hancement factor, f��0� and f��R�, have their contributions
modified by the shape of the nanostructures. The process of
Raman reradiation seems to be all the more favored by the
tip effect and then by elongated particles. For particles which
have a large aspect ratio �length/diameter� such as ellipsoids,
the nanoparticles better play the role of nanoantenna for the
Raman radiation and, as a consequence, the best enhance-
ment is observed for LSPR close to �R.
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