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Abstract

It is shown that surface enhanced Raman scattering (SERS) average signals and fluctuations can be used to characterize the spectral
dependence of plasmon resonances, and are particularly sensitive to the local fields, as opposed to other optical techniques. SERS can be
used to probe both the plasmon resonances and the mechanisms of optical amplification.
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1. Introduction

Surface enhanced Raman scattering (SERS) [1] can
become an analytical tool with many applications. There
is renewed interest in SERS for its potential to observe sin-
gle molecules [2]. Despite this, the mechanisms responsible
for SERS are still not fully understood.

The large optical enhancements in SERS are believed to
be due to single or collective plasmon resonances. The
SERS signal intensity is given by

Isgrs = M (wp )M (wr)IRs, (1)

where IRg is the signal in non-SERS conditions, o and wg
are the frequencies of the exciting laser and of the emitted
photon, respectively, and M(w) is the local field intensity
enhancement due to plasmon resonances:

Eloc<w) :

M) = |2

(2)
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Plasmon resonances of SERS active media are usually
characterized by the optical extinction, although it is very
difficult to extract from these measurements in the far-field
information about local field enhancements. Near field
techniques can be used to probe the local field [3] but are
not always applicable.

Here, we show that SERS can be used as a probe of
plasmon resonances. In Eq. (1), the SERS signal gives an
indirect measurement of the resonance profile. One advan-
tage is that it directly probes the local field at the metallic
surface, where the molecules are adsorbed. A potential
problem is that the signal usually comes from several mol-
ecules with different field enhancements, a situation
avoided when single molecule SERS is possible. Also, the
measurement is indirect since we measure a convolution
at two frequencies. For a typical dye the Raman shifts of
the main peaks range from 400 to 1800 cm™~' for Stokes
(S) processes. To extend this, it is also possible to measure
anti-Stokes processes (AS). Finally, it is also possible to
look at overtones. Using lasers at 514 and 633 nm, most
of the visible wavelengths can then be probed. In this
work, we studied SERS from Rhodamine 6G (RH6G) in
colloidal silver solutions. The fluctuations of the signal
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show evidence of underlying plasmon resonances; the 2. Experimental details and results

average signals enable us to characterize them further.

The results are discussed and compared to extinction Ag-colloids were prepared according to Ref. [4] (average
measurements. diameter: ~50 nm, conc.: ~10"' colloids/cm?). Samples
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Fig. 1. Fluctuations of the Stokes SERS spectra of RH6G in Ag-colloids. (a) Average signal; (b)—(e) individual events (integration ~50 ms). The right
hand side shows the ratio of the signal of these events to the average signal.
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were prepared by mixing 0.5 mL of colloids with 0.5 mL of
20mM KCI (reducing the Coulombic interaction and
increasing the occurrence of coupled plasmon resonances).
RH6G was added to a final concentration of 200 nM.
SERS experiments were performed on a Raman micro-
scope with a X100 immersion objective. Samples were mea-
sured with 633 nm (HeNe) or 514 nm (Ar") lasers (2 mW).
A strong SERS signal is observed for integration times of
50 ms. The scattering volume contains on average only
one or two colloids at a time; they do not have time to dif-
fuse in or out in 50 ms. Each event corresponds to the
observation of one particular colloid configuration. Large
temporal fluctuations of the signal are observed, reflecting
the diversity of colloidal shape, size, configurations, and
plasmon resonances. We show in Fig. 1 four individual
events, along with the average signal obtained for the
Stokes Raman at 633 nm. The SERS signal fluctuates both
in the absolute and relative intensities of the peaks [5,6],
with an underlying Raman background signal which shows
the same fluctuations as the main peaks. In Fig. 1, we also
plot for each event the ratio of the intensity over the aver-
age vs. Raman shift. The integrated intensities of the spec-
tra have been normalized to give ratios ~1. These ratios
show a smooth variation as function of wavelength, sug-
gesting that there are relatively broad resonances which
favor different parts of the spectra. The laser is fixed here
at 633 nm, and M(wy) is constant for a given event. Also,
we observe in each event the average signal from a large
number of molecules, ruling out the possibility that the
fluctuations are the result of various orientations of the
probe. Fluctuations must therefore be a direct result of dif-
ferent M(wg)’s with respect to the average, due to different
aggregate size, shape, and orientation. The window we
probe here is from 653nm (500cm™') to 710nm
(1700 cm™ ') and the ratio of intensity between these two
extremes can change by a factor of 10 from one event to
another (see for example, in Fig. 1b and e). Some events
(such as d and e) show stronger enhancements on the low
wavelength side, while others (such as b) show the
opposite.

Still, we can only infer here changes in M(w) with
respect to the average. Hereafter, we look at other regions
of the spectra to gain information on M vs. 4. To do so, we
need to know the expected value of the relative intensity of
the peaks (in the absence of a resonance); a very difficult
undertaking in general. There is, however, one situation
where we know the ratio of these peaks: the Stokes and
anti-Stokes processes exhibit the same cross sections and
their ratios should only be dictated by temperature. The
theoretical AS/S ratio for a given peak of energy FE is given
by

Rl = (2 exp (- 5, )

where 7 is the temperature, k the Boltzmann constant,
hwg = hoyp, — E and hwoas = hop + E. The pre-factor here
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Fig. 2. AS/S ratios of various Raman peaks of RH6G along with the
theoretical ratios at 300 and 400 K. Data have been corrected to account
for the w* pre-factor (see text). The insets at the top show the spectra at
633 and 514 nm from which the ratios were measured.

is ~1. In Fig. 2, we plot average AS/S ratios for various
peaks for both 633 and 514 nm excitation, with the theoret-
ical value for 7= 300 and 7' =400 K. Although heating is
possible in both cases, it is unlikely to be more dominant in
the 633 nm case. We conclude that the AS/S ratios are
higher than expected for 633 nm while they are lower for
514 nm. Such anomalies have been reported before [7-9],
and they are another effect of the underlying enhancement
factor variation. Taking this into account, we have

M(O)As)
M(ws)

We conclude that for 633 nm (514 nm), M(w) is larger
(smaller) on the AS side, 4 <633 nm (514 nm) than on
the Stokes side, 2> 633 nm (514 nm); i.e. the maximum
of M occurs somewhere in between 514 and 633 nm.

We can probe further this region by looking at the over-
tones. The average overtone spectra for 514 and 633 nm are
shown in Fig. 3; peaks can easily be assigned, except for the
3400 cm ™' peak associated with O-H or N—H stretch. The
overtones signal is clearly much stronger with 514 nm exci-
tation (spanning the region from around 580 to 620 nm)
rather than with 633 nm excitation (where it is beyond
750 nm). This is another confirmation that the average
underlying resonance shows a maximum around 580 nm.
We note also that anti-Stokes overtone signals are not
observed with both lasers.

R = Rineo- 4)
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Fig. 3. SERS spectra in the overtones region for 633 and 514 nm
excitation. The assignment of some of the peaks to specific overtones is
also indicated.

3. Discussion and conclusions

We were able to deduce qualitatively the profile of the
average underlying SERS resonance in our colloidal sam-
ples with a maximum in the region 550-600 nm. This reso-
nance is broad and shows variation of at most one or two
orders of magnitude across the whole visible range. A pos-
sible average resonance profile is shown schematically in
Fig. 4. In fact, plasmon resonances would be expected to
lead to sharper resonances. What we observe is an average
resonance; the result of a distribution of much sharper fluc-
tuating resonances. In fact, analyzing the fluctuations for
short integration times (such as in Fig. 1) can also shed
light on these individual resonances. For example, we
observe events of both types (b) and (e) (see Fig. 1) with
a large SERS intensity, indicating that there are individual
resonances peaking on both sides of the Stokes region at
633 nm. For the 514 nm laser, high intensity events tend
to show a higher signal on the high energy peaks (not
shown here), indicating that most individual resonances
peak at a wavelength longer than the Stokes region for
514 nm.

Interesting is the comparison of this resonance with the
extinction spectrum, shown in Fig. 4. The SERS resonance
is strongly red-shifted compared to the extinction spec-
trum. The SERS resonance is sensitive to the local field
enhancements and it is not directly visible in the extinction.
It also occurs at a longer wavelengths mainly as a result of
coupled plasmon resonances. The latter are believed to lead
to red-shifted resonances with large local field enhance-
ments. SERS is highly sensitive and a good probe for them.
Extinction spectra are dominated by single colloids reso-
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Fig. 4. Schematic of the average resonance profile deduced from SERS
measurements (solid line) and measured extinction spectrum (dashed line).
The top part shows the position of each Raman window, anti-Stokes (AS),
Stokes (ST), and overtones (OT) for 514 and 633 nm excitation.

nances. Coupled plasmons are better studied by SERS in
this respect.

In closing, we showed that fluctuations of the SERS sig-
nals can be used to characterize the distribution of plasmon
resonances in colloidal solutions. A careful analysis of the
average SERS signals at various excitations enables us to
deduce qualitatively the profile of the plasmon resonances
contributing to SERS. Our results suggest that this is dom-
inated by coupled plasmon resonances which do not
appear in extinction spectra. We believe that this method
not only helps to characterize the plasmon resonances,
but it is also useful for the understanding of the mecha-
nisms of SERS enhancements.
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