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ABSTRACT: The simultaneous measurement of surface plasmon
resonance (SPR) spectroscopy and surface-enhanced Raman scat-
tering (SERS) on flat metallic surfaces is demonstrated on a rela-
tively simple experimental setup based on the Kretschmann config-
uration. This setup requires only minor modifications to standard
Raman microscopes, and we show that it can be applied successfully
to the most common conditions of SPR spectroscopy, i.e., water-
based solutions on gold films. Our results emphasize the peculiar
properties of the Kretschmann configuration for spectroscopy in
general and SERS measurements in particular, especially in terms of
the asymmetry between excitation and collection requirements. The
combination of simultaneous SPR-SERS spectroscopy opens up
interesting prospects in analytical science to study, for example, reaction kinetics at surfaces under conditions which are already available
in commercial SPR instruments.

’Motivation. From the early days of the technique,1-3 analy-
tical work has always been hampered in surface-enhanced Raman
scattering (SERS)4,5 by the irreproducibility of the substrates
responsible for the Raman enhancement.6 Accordingly, with the
advent of better techniques and more sophisticated control of
nanostructures in the past decade,2,7-9 a great amount of effort
has been invested in SERS toward reversing this tendency (while
having always fluorescence spectroscopy as the “standard’’ refer-
ence to be surpassed10). In this manner, a substantial amount of
progress has been achieved in analytical applications of SERS, and it
mostly arose through different strategies of tailor-made probes,
carefully controlled (nanostructured) substrates and particles, or
combinations thereof.2,7,8,11-15

Despite these advances, the simplest, most controllable, and
best understood plasmonic system undoubtedly remains the flat
metallic surface. Unfortunately, flat surfaces are also known to be
poor SERS substrates in the absence of roughness, providing
virtually no electromagnetic SERS enhancement. This can be
partly compensated when propagating surface-plasmon-polari-
tons (SPPs) are excited at a metal/dielectric interface. In this
case, modest, but arguably very useful, SERS enhancement fac-
tors (EFs) are predicted.4 Coupling to SPPs on planar substrates
is routinely done in the well established (and commercially
available) technique of surface plasmon resonance (SPR) spec-
troscopy (with a long history in biomolecular spectroscopy17-21).
Excitation through a prism is required in SPR spectroscopy for SPP
excitation,4,22,23 with the most common setups being the so-called
Otto24 and Kretschmann25 configurations. The latter, as depicted
schematically in Figure 1 and further explained in the text later, is in

fact by far the most commonly used configuration in commercial
applications of the technique.
In this paper, we shall aim at demonstrating a combined SPR-

SERS study that profits from both techniques simultaneously.
From the point of view of SERS, a simple and efficient setup in
the Kretschmann configuration opens up the possibility of
performing SERS with uniform (and predictable) enhancements
on flat planar metallic films. Some of the advantages are obvious:
(i) an unsurpassed control over the SERS enhancement factor
(EF) distribution (since it is perfectly uniform in the absence of
roughness); and (ii) the possibility of accurate and relatively easy
theoretical predictions (not subject to uncertainties in the geom-
etry). Such advantages are invaluable for fundamental studies of
the SERS effect. For example, the study of molecular orientation
effects, i.e., surface selection rules,26,27 or studies of the “chemical
enhancement’’ (since the electromagnetic enhancement is then
well known). But besides the fundamental aspects, there is an
even greater attraction to expand the capabilities of SPR spec-
troscopy with additional information provided by SERS. Simul-
taneous SPR-SERS spectroscopy could potentially open up new
horizons in the understanding of reaction kinetics at surfaces and
other important topics in analytical and bioanalytical sciences.
Previous Work. A short historical background is necessary

here to put the new aspects in perspective. By itself, SERS in the
Kretschmann configuration (KC) is by no means a new idea. It
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had been predicted theoretically28 even before the discovery of
the SERS effect and was investigated experimentally on-and-off
from the early days. These early experiments, however, were
carried out on rough silver films.29-31 In fact, no SERS signal
could be observed in them before the metallic film was electro-
chemically roughened.29,31 It is very well-known that roughness
is an important factor contributing to SERS,1 and that rough
metallic films are simple SERS substrates with reasonable average

EFs. Roughness, however, defeats the purpose of uniform and
controllable enhancements that flat surfaces promise, and also
prevents (to some degree) the combination of the technique
with SPR spectroscopy (by making the resonance condition
broader and therefore less sensitive). Following these very early
studies, SERS in the KC was carefully and much more convin-
cingly studied (both experimentally and theoretically) in a series
of papers in the 1980s,32-35 again on Ag films. Giergel et al., for
example, provide a detailed summary of the findings up to 1988
in ref 35. The additional benefit of collecting the light on the
prism side and observing the peculiar emission pattern in the
form of a Kretschmann cone (see Figure 1)33 was clearly iden-
tified. SERS signals from both liquids32-34 and adsorbates33,35

were successfully measured, and their expected angular depend-
ences (in the form of SPP resonances in incident or scattered
light) were observed. Although care was taken in fabricating
smooth silver films, the absence of contributions of any rough-
ness to SERS was not demonstrated. Also, in all these cases,
relatively complex optical setups were used (with independent
excitation and collection) and the overall throughput of the
system was not optimized (in some cases, no lens were used to
collect the Raman signal).
Following further the historical line, most reports of SERS in

the KC in the 1990s focused on a new technical development of
the technique to allow the collection of the whole Kretschmann
cone on the prism side, using either mirrors36 or the so-called
Weierstrass prism.37-40 Some of these studies, in fact, used the
Otto configuration.38-40 The improvements in terms of collec-
tion efficiency come here at the cost of increased complexity in
the optical setup, making these approaches incompatible with
standard SPR spectroscopy configurations.
Over the past decades, reports of SERS in the KC have not

focused on the understanding of the method, but mostly on its
practical use as a characterization tool.41,42 We also note a recent
report43 of SERS in the KCwhere light is collected on the air side
(despite the fact that the prism side is predicted theoretically to
be a better option) and where a SERS EF of over ∼106 is
reported. Such a large EF is impossible to justify theoretically and
can only be explained by a large roughness contribution.
This brief review of the existing work on SERS in the KC high-

lights a number of outstanding issues in its potential connection
with SPR spectroscopy: (1) Can we demonstrate a simple optical
layout for SERS in the KC, which would be readily adaptable to
SPR spectroscopy? (2) Since all the cited studies but two40,42

were carried out on silver films (where roughness is inmany cases
likely to be present and enhance the SERS signals), can this
method be convincingly extended to Au films? The latter are, in
fact, a better alternative for applications since they can be reliably
fabricated with minimal roughness, and are already extensively
used in (commercial) SPR spectroscopy instruments.
We therefore propose in what follows to revisit the problem of

SERS in the Kretschmann configuration with a view to address
these outstanding issues in its connection with SPR. We shall
show that under the right conditions the Kretschmann config-
uration offers a valid alternative for a reliable and homogeneous
SERS enhancement that can be combined with SPR spectrosco-
py simultaneously. We will show that such measurements can,
moreover, be reliably understood within standard EM theory
with a minimum number of parameters: a tremendous advantage
over most SERS systems. We shall also introduce a simple
method to measure SERS in backscattering in the Kretschmann
configuration using back focal plane illumination to improve

Figure 1. (a) Schematics of the Kretschmann configuration,16 which
couples a light beam (red) incident from a higher nmedium (the prism),
to the surface-plasmon-polariton (SPP) excitation at a metal/air inter-
face on the other side, by going through a metal film (∼20-50 nm).
Only TM-polarized light couples to SPPs. Depending on the wave-
length, there will be a well-defined optimum angle of incidence where
the coupling of the beam with the SPPs is maximized. This is normally
observed in surface plasmon resonance (SPR) spectroscopy as a sharp
“dip’’ in reflectivity as shown in part b for a 50 nm Ag film (calculated
using the tools of Appendix F in ref 4), and is associated with a large local
field intensity enhancement factor (LFIEF) at the surface (shown also in
part b). The SERS process in this configuration is depicted schematically
in part c. At the resonance, the molecules are excited at the Kretschmann
angle θK (with TM-polarization) and the Raman-shifted light is emitted
at a very similar angle, but in any direction, i.e., in the Kretschmann cone.
If we collect light in backscattering through a circle of fixed size (defined
by the numerical aperture (NA) of the collecting optics), we see that the
fraction of the collected Kretschmann cone depends linearly on the NA.
Part of the challenge of combining SPRwith SERS is in the simultaneous
optimization of both the excitation of SPPs and the collection of the
Kretschmann cone.
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coupling to the resonance and combine a high angular resolution
with a good collection efficiency. Our method requires then
minimal changes to standard Raman systems to adapt them to
the simultaneous use of SERS and SPR. We believe that the
combination of the two techniques, with the predicting power
displayed in the following sections, can make substantial progress
in analytical applications where quantification and detailed
understanding is essential.

’METHODS AND THEORETICAL RESULTS

For all experimental results, we have used Nile blue (NB) as a
model SERS analyte since it has a large (resonant) Raman cross-
section at the exciting wavelengths used here (633 and 647 nm)
and can be deposited easily on metal surfaces at monolayer or
submonolayer coverage by dipping/rinsing techniques (details
are provided in the Supporting Information).

Our main aim here is to emphasize the experimental results.
However, we shall also present throughout the study several
theoretical predictions using standard codes44 for planar multi-
layer calculations (based on Appendix F in ref 4). The emission
part of the SERS enhancement factors were derived using the
optical reciprocity theorem.4,45 For simple reasons of space, full
details on the theoretical aspects will be published elsewhere. All
the theoretical results are therefore taken here as bona fide
comparisons with the predictions of standard electromagnetic
theory. However, we only mention here that in order to obtain
satisfactory agreement between theory and experiments several
factors need to be explicitly included in the calculations. Among
them are the following: (i) the presence of the coupling prism
(and possibly the film glass slide if the prism is not glass), and
how it affects in particular the optical paths of incident and
emitted light; (ii) the finite size (waist) of the incoming beam
(which is assumed Gaussian); (iii) the explicit presence of all
layers (such as the 2 nm titanium adhesion layer for the 50 nm
gold films); (iv) the focal length and numerical aperture of the
exciting/collecting optics (which affect the spread of incident
angles and the range of collected angles); (v) the frequency
difference between excitation (laser) and the Stokes-shifted
emission (which slightly modifies the resonance angles); (vi)
the fact that the NB molecules are adsorbed flat on the metal
surface and that their resonant Raman tensors are therefore in-
plane (this fact actually reduces substantially the expected SERS
intensity, but signal intensity was not an issue in these experi-
ments). With all these ingredients taken into account, we find an
outstanding agreement between theory and experiment with,
essentially, no fitting parameters. For that reason, and although
the emphasis is on the experimental results, we will present in the
following the theoretical predictions on the same graphs to
convey the point about the predicting power of the SERS-
SPR combination. Note that all angle-dependence data are pre-
sented as a function of incident internal angle (i.e., the angle
inside the glass slide onto which the metal film is deposited); see
the Supporting Information for an explanation on how the
internal angle inside the prism is connected to the external prism
rotation.

’SERS IN THE KRETSCHMANN CONFIGURATION IN
BACKSCATTERING

The coupling to SPPs on planar surfaces in the Kretschmann
configuration is a fundamental (and basic) problem in plasmo-
nics that is treated in details in textbooks.4,22,23 The sharp

resonance in reflectivity, and its high sensitivity to the presence
of surface adsorbate, is what is routinely used as an operating
principle in SPR spectroscopy.17-21 A brief introduction is given
in the caption of Figure 1, but we focus here on some of the subtler
aspects that are relevant to the problem of performing backscatter-
ing spectroscopy, SERS in particular, in this configuration.

For SERS we have to contemplate the double situation of
coupling to SPPs to deliver the laser to the molecules on the
surface (at the so-called Kretschmann angle θK), and collect the
Raman emitted radiation from them (which is emitted in the so-
called Kretschmann cone). This is depicted in Figure 1c. Because
the resonant coupling to SPPs is relatively sharp in incident angle
(fwhm ∼ 0.5�) but broad in the spectral (photon energy)
domain, the emission at the Raman-shifted frequency occurs
over a narrow cone around θK. In principle, θK for emission is
different from that of the incident coupling because of the
different wavelength introduced by the Stokes shift.32 This may
be an issue in some cases (and it is explicitly taken into account in
the theoretical predictions), but in a first approximation to the
problem the change in angle may be neglected, especially for
relatively small Raman shifts. However, there is a strong asym-
metry between excitation (along a fixed direction) and emission
(axial-symmetric, but along the same fixed angle as the incident
direction, see Figure 1c). This asymmetry between the geome-
trical aspects of excitation and emission poses several practical
problems, as we shall see in the next subsections.

In order to highlight the details of carrying out spectroscopy in
the Kretschmann configuration, we show in Figures 2 and 3 the
combined angle-dependent reflectivity and SERS measurements
in a simple backscattering configuration. In Figure 3, we show in
particular the effect of a focusing lens on the coupling to the SPP
resonance.
SERS Angular Resonance with No Collection Lens. The

setup with “no lens’’ in Figure 2a would be the most direct
simplification of the setup used in early studies.32-35 A well colli-
mated beam is required to maximize coupling into the very sharp
(in angle) SPP resonance, and therefore, we initially use the laser
beam as it is (with no focusing lens). Because of our choice of
using the backscattering configuration, no lens can then be used
for collection if we do not want to change the divergence of the
exciting beam. The SPR signal (reflectivity) of the film can be
simultaneously monitored by a simple photodiode detector which is
attached to the rotating stage containing the prism and the film. The
reflectivity curve, for the situation where we have no lens, is shown in
Figure 3d.Concurrently, Figure 2b shows the SERS signal (590 cm-1

Ramanmode) of amonolayer ofNile blue (NB) in air onAg (50nm
film) at 647 nm excitation through a glass prism (index of refraction
n = 1.5) as a function of the internal incident angle θ. As expected,
this signal only exists for TM polarization. As can be appreciated
fromFigure 2b, the SERS signal can be followed through the angular
resonance. It goes frombeing invisible, when the laser is not properly
coupled, to being an intense peak well above the noise level with a
fwhmof∼0.5� (comparable to the the fwhmobserved in reflectivity
in Figure 3d for the “no lens’’ case). The results in Figure 2b
are complemented by those in Figure 2c, where the SERS signal
in a much wider frequency range is shown for optimum excitation
at the Kretschmann angle. This latter result demonstrates the
point we raised before: the resonance is sharp in incident angle
but broad in the spectral domain (to allow us, for example, to see
simultaneously the 590 and ∼1650 cm-1 Raman modes of NB).
Actually it is quite remarkable that the Raman signal from a

monolayer of dye can be collected without a lens at all. Excluding
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any roughness contribution to SERS is however difficult with
silver films because of their intrinsically low chemical stability.
The agreement between theory and experiment in Figures 2 and
3 indicates that roughness is not significant: it would otherwise be
revealed in a broadening of the resonance. But this in itself is not
clear proof that roughness does not contribute to SERS. Only
experiments on gold, where the absence of roughness can be
assured more convincingly, will demonstrate unambiguously (as
shown later) the ability to carry out SPR-SERSmeasurement on
strictly flat surfaces. However, in order to be able to measure the
much weaker SERS signals on gold films, it is first necessary to
optimize our collection efficiency. In fact, a large part of the

Raman emission is being lost by the restriction that we are
collecting only what comes strictly in the backscattering direc-
tion. This is a unique situation where the optical requirements to
deliver the laser (i.e., a parallel beam) are incompatible with the
optical requirements to collect most of the signal in the back-
scattering configuration. In the case of Figure 2, the effective
numerical aperture (NA) for the collection process (without a
lens) is really small, and only defined by a narrow acceptance
angle related to the paraxial tolerance around the exact optical
axis of the spectrometer (we estimate the NA to be∼0.2 for our
system). This was already partially explained (schematically) in
Figure 1c. The only reason why a signal can be observed without
a lens is because the whole Raman signal is “funneled’’ into the
narrow Kretschmann cone, and we collect here a small fraction of
it. We can view the film as behaving as a “1D lens’’, a unique
feature of a sharp angular resonance in emission.
Angular Resonance with a Lens or Microscope Objective.

We could of course hope to detect a much larger signal by
collecting a larger portion of the Kretschmann cone with a larger
NA lens. We can for example use the same setup as in Figure 2a,
but with a long working distance microscope objective (to allow

Figure 3. Influence of a focusing lens on the angle-dependent reflectiv-
ity. In part d, experimental data (symbols) clearly show the decreased
coupling efficiency and broadening as the focal length f of the lens (and
indirectly the numerical aperture, NA) increases from the “no lens’’ case,
to a�4 objective (f = 45 mm, NA = 0.1) and to a�10 (f = 18mm, NA =
0.25). The theoretical values (solid lines) are obtained by considering a
collimated Gaussian beam of 0.72 mm waist incident on the lenses,
therefore resulting in a spread of incident angles at the focal point. The
theoretical resonances for plane waves are hence broadened by a
convolution of incoming angles produced by the NA of the lens. This
effect can be further visualized with the�10 objective by projecting the
image reflected from the sample onto a screen in the far-field, as shown
in parts a-c for 3 angle positions. At resonance, a clear black fringe is
visible (corresponding to full coupling into the SPP resonance) in the
middle of the beam image. However, it is clear that the angular spread of
the beam is much larger than that of the resonance resulting in a partial
coupling only. This is simultaneously revealed in the corresponding
almost flat reflectivity curve in part d.

Figure 2. (a) Schematics of the optical setup for combined SPR-SERS
in backscattering configuration with no focusing/collecting lens. (b)
Experimental angle-dependent SERS signal (symbols) for the 590 cm-1

mode of NB deposited on a Ag/air interface (50 nm Ag film) at 647 nm
laser excitation (integration time = 18 s, laser power 5 mW). The
theoretical prediction is shown as a solid line. The angle of incidence (θ)
refers to internal angles inside the glass slide supporting the film (see
Supporting Information). (c) Full spectrum of NB at the optimum
Kretschmann angle of the 590 cm-1 peak for TM and TE polarizations.
The Raman peaks are observed only for TM polarization, as expected.
The 1650 cm-1 mode of NB is visible, albeit with a smaller SERS
enhancement factor, thanks to the SPP resonance being relatively broad
in wavelength.
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for space for the prism). However, the improvement in collection
efficiency has the price of losing the exciting beam collimation
(which is now focused by the objective). This results in a de-
creased coupling into the SPP resonance and a broadening of the
angle-dependent reflectivity, which effectively prevents any simul-
taneous SPR spectroscopy studies. This is illustrated in Figure 3 for
two different objectives:�4 and�10. It is clear that in the exciting
beam produced with, for example, the �10 objective, only a
fraction of the incident rays contained in the converging beam
are at the right angle θK to couple to the Kretschmann resonance.
This is revealed in Figure 3a-c as a “dark fringe’’ in the far field of
the reflected beam (which disappears, as expected, when changing
from TM to TE polarization). This dark fringe can easily be
followed when rotating the sample, and it gives a good idea of the
“angular sharpness’’ of the resonance and of the angular spread of
the exciting beam. If the angle of incidence is changed slightly (by a
few degrees), the resonance fringe can be moved to one or the
other side of the reflected spot in the far-field, as seen in Figure 3a,c.
This is because different fractions of the angular spread of the
incoming beam satisfy the resonance condition. This highlights
one important aspect: simply using a lens for simultaneous excita-
tion and collection will not be optimal, because only a small
fraction of the incident power (only that at the right angle in the
beam) couples into the resonance. This is shown more quantita-
tively in Figure 3d through the reflectivity. It is clear that the use of
lenses, even with a small magnification, results in a strong decrease
in coupling into the resonance and a concomitant larger broad-
ening. This observation is predicted by theory when taking into
account the finite width of the laser beam which is being focused
by the lens. The natural (intrinsic) width of the resonance can
therefore only be obtained with a collimated beam of small
divergence.
Henceforth, these results highlight one of the basic conun-

drums of the use of the Kretschmann configuration for SERS.
Unlike SPR-spectroscopy, that only monitors the reflectivity, we
need to take into account in SERS both the delivery of the laser
and the collection of the Raman emitted light. If we want to
monitor the SERS signal in the backscattering configuration (a
very convenient experimental choice), we would benefit from
collecting at least part of the Kretschmann cone with a lens of
high numerical aperture. However the presence of the lens is
incompatible with a simultaneous measurement of SPR, for it
prevents optimum coupling to deliver the laser. In the following,
we will present a simplemodification that enables us to overcome
this problemwithminimal efforts.Wewill also illustrate its power
by demonstrating simultaneous measurement of SPR reflectivity
and SERS on the more difficult system (because of the weaker
SERS signals) of Au/air and Au/water interfaces.

’SPR-SERS MEASUREMENTS ON GOLD FILMS

Principles. It is worth noting that, by using a much more
complicated optical setup, with special prisms and/or optics (like
the Weierstrass prism37-40), one can devise ways to collect the
entire Kretschmann cone.36,37 This was certainly an important
improvement in the historical development of both the Kretsch-
mann and Otto configurations. But it comes at the expense of
complexity with a customized optical setup with independent
excitation and collection directions. In fact, this is the main
reason why the KC has not found widespread use in SERS. It also
makes it difficult to simultaneously measure the angle-dependent
reflectivity.

Conversely, we focus here on an optimization of the much-
simpler backscattering configuration that does not require a special
setup and is compatible with most standard Raman systems. The
principle is extremely simple: it consists of using an additional lens
(typically with a long focal length) to focus the incident collimated
laser beam on the back-focal plane (BFP) of the microscope
objective. This allows us to create an almost parallel beam on the
focal plane of the sample, and therefore combine the benefits of a
high angular resolution in excitation (thanks to the collimated
beam) with the much improved detection efficiency of a high NA
objective. A variant of this approach, where the beam is focused
off-center in the BFP of a high NA objective, is commonly used in
total internal reflection fluorescence (TIRF), to excite beyond the
critical angle.46 This same variant was also recently applied to SPR
microscopy in ref 47.
The modified optical setup is shown schematically in Figure 4a,

and it requires minimal modifications to a standard Raman system.
The exact position of the additional lens (referred as the BFP)
along the optical axis is not critical, and it can be adjusted
experimentally by visually monitoring the beam divergence after
the objective in the far-field. Care must however be taken to align
the BFP lens laterally so that the excitation follows themain optical
path (and is therefore matched to the axis and the collection field-
of-view of the objective).
As a proof of principle, we have applied this setup to the more

difficult case of gold films (which are arguably much more rele-
vant for applications such as SPR spectroscopy). Their quality,
stability, and absence of roughness can be assured with high
reliability. However, the SERS signals on gold films in the KC are
typically smaller than for silver for two main reasons. First, the
SERS enhancement factor is predicted to be smaller at 647 nm
due to the different dielectric functions of Au and Ag.4 But
perhaps more importantly, silver films are much more likely to
suffer from roughness, thereby enhancing dramatically the SERS
signals. This is not desirable from the point of view of SPR
spectroscopy because roughness may affect the resonance quality
(sharpness). It is not desirable either from the point of view of
SERS, because it defeats the original purpose of uniform and
controllable enhancements.
Results obtained on a gold/air interface (50 nm Au film on

glass) with the layout of Figure 4a are displayed between
Figures 4b and 5. We shall concentrate on the discussion of
these figures for the rest of this section. Figure 4b shows the SERS
intensity of the 590 cm-1 Ramanmode of NB deposited on Au as
a function of the incident (internal) angle θ for a �10 objective
with a BFP lens (50 cm focal length). As before, the solid (red)
line in Figure 4b represents the parameter-free theoretical
prediction which includes the effect of the numerical aperture
of the collecting lens but with a collimated incident beam thanks
to the BFP lens. As can be appreciated, we can now obtain the
SERS spectrum with the �10 objective, while we could hardly
couple to the resonance at all (Figure 3) in the situation without
the BFP lens. The data in Figure 4b is complemented by Figure 5
where we show the SERS and SPR spectra taken simultaneously
for three different conditions: �4 objective on its own, �4
objective with BFP lens, and �10 with BFP lens. It is clear from
the data in Figure 5a that now we can benefit in collection from
the higher numerical aperture of the objective, with the �10
objective giving the best signal. From Figure 5b, on the other
hand, we can appreciate how much better the coupling to the
resonance is with the presence of the BFP lens. In fact, the �4
and �10 objectives achieve almost zero reflectivity at the
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resonance (meaning that most of the power of the laser is being
funneled into SPPs on the film). This situation is very different
from that of Figure 3 where the coupling was affected by the
divergence of the incoming beam. The other important point to
emphasize here is that all the lines in Figure 5a,b are parameter-
free predictions from theory, except for a trivial scaling factor for
the integrated SERS intensity (since the Raman intensity, as
given by the CCD counts, depends on many factors that are
purely technical, the scaling factor has no physical meaning). We
judge the agreement to be outstanding. This is a point that cannot
be underestimated in a technique like SERS, where exact quanti-
fication and modeling are in many cases somewhat disconnected
from experimental evidence, or only connected at a qualitative
level. We believe the data in Figures 4 and 5 and the quality of the
agreement with theory proves beyond doubt the potential of
combined SPR-SERS spectroscopy. One of themain applications
of SPR in biology,17-21 however, is done at the Au/water interface
where the dynamics of binding is normally studied. Accordingly,
we demonstrate in the next subsection the application of combined
SPR-SERS to this specific situation.
Generalization to Au/Water Interfaces. In order to fully

realize the potential of combining the commercially available
SPR systems with SERS, in a dual-detection capability, it is also
necessary to demonstrate its viability at the commonly used

Au/water interface. This is explicitly shown in Figure 6. For these
experiments we used a sapphire prism, which has a larger index of
refraction (n = 1.766) and therefore is more suited to achieve the
resonance condition with water (n = 1.33) at a reasonable
incident angle. A liquid cell was specially designed to attach to
the metal film glass slide by capillary forces. Figure 6a shows both
the actual raw data for the 590 and 1650 cm-1 peaks of NB
through the resonance, and the integrated intensity of the
590 cm-1 mode as a function of the internal (in glass slide)
incident angle θ. Figure 6b complements the picture with the
simultaneous measurement of the SPR signal. The experiment
was carried out with a�4 objecitve and shows an almost perfect
coupling to the resonance in the dip of the reflectivity. As before,
the solid (red) lines in Figure 6a,b are parameter-free theoretical
predictions. There is a whole set of possibilities that are opened
up by this result. The connection with biological applications of
SPR spectroscopy already pointed out is an obvious one. But it

Figure 4. (a) Optical setup with BFP illumination. The first lens before
the beamsplitter focuses the light on the back focal plane of the collecting
lens, thus achieving a parallel beam in excitation. On the other hand, the
BFP lens does not participate in the collection process, which now
benefits fully from the numerical aperture of the collecting lens. This
method (but with an off-axis beam) is widely used in total internal
reflection fluorescence,46 while here it is used for “on-axis’’ excitation. In
part b we show the integrated intensity of the 590 cm-1 mode of NB
through the resonance for a gold film (50 nm) on glass and 647 nm laser
excitation (TM) using a�10 objective and a BFP lens with 50 cm focal
length. The integration time was 2� 5 s, with laser power 2.1 mW. The
data is complemented with further examples on the simultaneous
performance of SERS and SPR signals for various collecting lenses in
Figure 5. The solid (red) line in part b is the parameter-free theoretical
prediction for the SERS intensity. See the text for further details.

Figure 5. (a) Integrated Raman intensity of the 590 cm-1 mode of NB
and (b) SPR (reflectivity) signal for various backscattering Kretschmann
configurations at a Au/air interface (the optical setup is the same as
shown in Figure 4a). The data in Figure 5b is repeated here in part a to
compare it with the other cases of �4 objective with BFP illumination
and�4 objective without it. Both the SERS signal and the SPR reflectivity
data demonstrate how the coupling is improved by including the BFP lens
in the case of the �4 objective. In addition, the data shows that with the
inclusion of the BPF lens the signal improves for a higher numerical
aperture objective (�10 BFP with respect to �4 BFP). Solid lines are
theoretical predictions. The agreement with experiment is outstanding,
thus demonstrating the potential predicting power of the technique.
The integration time for the Raman spectra was 2� 5 s, with laser power
6.4 mW (�4 with BFP), 2.1 mW (�10 with BFP), and 2.3 mW (�4).



2343 dx.doi.org/10.1021/ac103273r |Anal. Chem. 2011, 83, 2337–2344

Analytical Chemistry ARTICLE

might also prove to be a useful tool in the study of other pheno-
mena like surface-enhanced fluorescence.48 If the analyte is dis-
solved in the liquid, the evanescent field of the SPPs penetrates a
considerable distance into it. Molecules that are not directly
attached to the surface do not have their fluorescence completely
quenched.4

’CONCLUSION AND OUTLOOK

For a technique that has been overlooked for potential appli-
cations in SERS for decades, we believe that the results of our
paper present all the key proof-of-principle points to demon-
strate that there is a promising way ahead for it. In particular, the
fact that doing SERS in the Kretschmann configuration is compa-
tible with existing spectroscopic platforms for SPR spectroscopy
in liquids (and with gold substrates) opens endless possibilities.
The combination of the two techniques might open new hori-
zons in both biospectroscopy and (at a more fundamental level)
the study of surface-enhanced/quenched fluorescence. Clearly
the next challenge is to show the performance of the two tech-
niques for nonresonant molecules. Besides the fact that uniform
enhancements over large areas are achieved (a very desirable fea-
ture that we confirmed by doing spatial scans), the main beauty of
the approach relies mainly in its predictability, in the fact that
surface-plasmon-polaritons on flat surfaces represent the simplest

plasmonic system and are more susceptible to predictions and
quantifications4 than standard substrates based on nanotechnol-
ogy. A series of developments from here are easily envisioned to
improve our control further and fulfill the potential of the tech-
nique on both fundamental and applied topics.
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The actual experimental setup

The prism and film are attached to a high-precision
motorized rotating stage as shown in Fig. S1. The cou-
pling between the substrate and the prism is achieved by
optical oil (for microscopy). A 90◦ optical coupler adapts
the head of the Raman microscope to direct and collect
the light from the Kretschmann set up either with or
without an objective on the way. The far field images
of the coupling to the resonance (fringe) can be seen
in reflection over a white screen from the other side of
the prism. The adapted head of the microscope cou-
ples the signal detection to a triple additive/subtractive
Jobin Yvon T64000 spectrometer equipped with a nitro-
gen cooled CCD detector (Symphony) and 600 lines/mm
gratings. When using the BFP-lens, we attach the lens
in the delivering optical path of the laser before the in-
ternal beamsplitter of the microscope. For Metal/Water
interfaces we used a sapphire prism (n = 1.77), while
all measurements in Metal/Air interfaces are done with
a glass prism (n = 1.5). For the measurements on a
Metal/Water interface, we designed a small cell that con-
tains the water and can be attached to the film by cap-
illary forces.

FIG. S1: Adaptation of the Raman microscope for the
Kretschmann configuration.
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FIG. S2: Schematic illustration of a thin gold film. It shows
the variables necessary to relate the internal angle of incidence
θ to the external one α. If the index of refraction nprism and
its shape (characterized by Ω) are known, θ can be obtained
from α by simple trigonometry and Snell’s law.

Relating the external angle of incidence to the
internal one

Experimentally, we measure for our incoming laser the
angle of incidence α with respect to the normal of the
sample surface (Fig. S2). However from a theoretical
point of view (numerical calculation of the resonance an-
gle etc.) we are more interested in the internal angle
θ at the glass / metal interface (all our metal films are
deposited on glass). Knowing the index of refraction of
the glass-slide nglass, of the prism nprism and the prism’s
shape (characterized by the angle Ω in Fig. S2) it is
possible to establish a link between α and θ.

case 1: nprism = nglass

Using Fig. S2 and Snell’s law the following equations
are apparent:

ABD : β︸︷︷︸
A

+ (α+ 900)︸ ︷︷ ︸
B

+ (1800 − 900 − Ω)︸ ︷︷ ︸
D

= 1800 (S1)

Snell : nair sinβ = nprism sin γ (S2)

ACD : γ︸︷︷︸
A

+ (θ + 900)︸ ︷︷ ︸
C

+ (1800 − 900 − Ω)︸ ︷︷ ︸
D

= 1800,(S3)



2

which can be rewritten as follows:

equ.(S1) ⇒ β = Ω− α (S4)

equ.(S2) ⇒ γ = arcsin

(
nair
nprism

sinβ

)
(S5)

equ.(S3) ⇒ θ = Ω− γ. (S6)

Using Eqs. (S4) and (S5) in Eq. (S6) yields:

θ = Ω− arcsin

(
nair
nprism

sin(Ω− α)

)
(S7)

This last equation relates the angle α controlled with and
displayed by the motorized stage to the angle of incidence
θ on the metal film. Throughout the figures in the pa-
per the x-axis for angular scans refers to this angle of
incidence on the film.

case 2: nprism = nsapphire

For the case of a sapphire prism the situation is slightly
more complicated: the beam is refracted not only at the
air / prism interface (as in case 1) but also at the prism
/ glass-slide interface. At this latter interface let us call
the angle of incidence θ̃. Then equation (S7) is obviously
still valid for θ̃.

θ̃ = Ω− arcsin

(
nair
nprism

sin(Ω− α)

)
(S8)

Once more we know from Snell’s law that

nprism sin θ̃ = nglass sin θ

=⇒ θ̃ = arcsin

(
nglass
nprism

sin θ

)
(S9)

Inserting now equation(S8) into equation(S9) yields

θ = arcsin

[
npr.
ngl.

sin (Ω−

− arcsin

(
nair
nprism

sin(Ω− α)

))]
(S10)

Sample preparation

Silver films (50 nm) were evaporated on clean glass
slides using standard evaporation techniques. Gold films

(50 nm nominal thickness) grown on a 2 nm Titanium ad-
hesion layer were bought from SSens, Netherlands (with a
standard RMS value of 1 nm on 1µm for the roughness).
Films were dipped in a 100µM Nile Blue (NB) solution in
water for 5 min (Ag) / 40 min (Au), and then thoroughly
rinsed with water. Ultra-pure water was used for sample
preparation, as otherwise impurity islands form on the
films and substantially diminish the signal homogeneity.
The films are cut to the appropriate size and attached to
the coupling prism through an oil layer to avoid a discon-
tinuity in the index of refraction. The homogeneity of the
coverage is paramount if meaningful results are sought.
We checked different preparation methods and assessed
the homogeneity of the samples through Raman maps in
different configurations. The surface coverage of the dye
(NB) was also estimated (∼ one monolayer) via electro-
chemical methods using the oxidation/reduction cycle of
NB.

For the preparation of the liquid cell we used a proce-
dure described in Fig. S3, with a series of pictures. From
left to right: the gold sample is carefully placed on an
aluminium substrate holder (picture 1) and the sapphire
prism is attached to the glass side (picture 2). Now the
sample is turned arround and a drop of dye-solution is
placed on the gold side while a silicon o-ring is brought in
place (picture 3). Finally a glass lid is placed on top and
hold in place with 2 screws. This defines then a liquid
layer above the metal that can be used for the studies.

FIG. S3: Preparation of the liquid cell; from left to right: gold
substrate in sample holder; sapphire prism on glass side (of
gold substrate); drop of liquid on gold side of substrate; the
sealed-off cell.
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