
Understanding the SERS Effects of Single Silver Nanoparticles
and Their Dimers, One at a Time

Matthew Rycenga†, Pedro H. C. Camargo†, Weiyang Li†, Christine H. Moran†, and Younan
Xia†,‡,*
†Department of Biomedical Engineering, Washington University, St. Louis, Missouri 63130
‡Department of Materials Science and Engineering, Yonsei University, Seoul 120-749, Korea

Abstract
This perspective article highlights recent developments in a class of surface-enhanced Raman
scattering (SERS) experiments that aim to correlate SERS enhancement factors with the physical
parameters of metal nanostructures. In a typical study, the SERS substrate is fabricated by depositing
colloidal nanoparticles on a silicon wafer to obtain individual particles isolated from each other, or
small aggregates such as dimeric units. With the help of registration marks, the same nanoparticle,
or dimer of nanoparticles, can be quickly located under a Raman microscope (for SERS spectra) and
a scanning electron microscope (for structural characterization). The nanoscale characterization
achieved by these studies has resulted in unparalleled investigations into the nature of polarization
dependency for SERS, the hot spot nature of single nanoparticles and dimers, and the manipulation
of hot spots through shape-controlled synthesis and self-assembly. We discuss the new insights these
studies have offered, and the future progress they can deliver to the advancement of SERS.

Surface-enhanced Raman scattering (SERS) is a fascinating process by which normally weak
Raman signals can be amplified by many orders of magnitude.1 This impressive enhancement
is mainly caused by the enhanced, light-induced electric fields (E-fields) on the surface of a
metallic nanoparticle (Figure 1). When the incident light is in resonance with the oscillations
of conduction electrons in a metallic nanoparticle, all the conduction electrons will be driven
to oscillate collectively in an optical phenomenon known as localized surface plasmon
resonance (LSPR).2 The LSPR is responsible for the strong scattering and absorption of light
typical of a metallic nanoparticle; it is also responsible for generating the enhanced local E-
fields on the surface of a nanoparticle at sites known as “hot spots”. Molecules within hot spots
experience enormous enhancement in terms of their Raman scattering cross section, and in
some cases single molecule detection is possible.3,4 This superb sensitivity has been a catalyst
for the resurgence of SERS studies in recent years. These studies have focused on
understanding the mechanisms of SERS and, equally, how to implement this technique as a
reliable method for trace detection.5,6 Both thrusts have resulted in evolution of SERS
experiments to studies characterized by a high level of scrutiny and control at the nanometer
level.7–9 SERS is, after all, a nanoscale phenomenon and to fully understand it one must take
into account the myriad of subtle variables that have mired SERS studies from the very
beginning.

It is with this goal in mind that correlated-SERS studies have been introduced and further
developed into a prominent methodology. Correlated-SERS studies feature full
characterization of the nanoparticle from which the SERS is supposed to originate, allowing
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for investigation of what specific variables of the nanoparticle determine the enhancement in
SERS as illustrated in Figure 2.7–15 In these studies, one typically records SERS signals from
individual, well-defined nanostructures, including chemically synthesized particles,
lithographically fabricated structures, and dimers formed from particles or fabricated via
lithography. The SERS are then correlated to the physical parameters (like the diameter of a
spherical particle, d, or the separation between two neighboring particles, s, both shown in
Figure 2) of the same nanostructure resolved using a high-resolution imaging tool. This kind
of study is in contrast to early work where the specific nanostructure(s) probed by SERS was
typically not investigated in detail.

The studies discussed herein focus on just one silver nanoparticle or dimer at a time, enabling
a high level of characterization that has confirmed what could only be achieved theoretically
before, including the effect of polarization,16–18 the effect of sharp features on a nanoparticle,
13,19 and the hot spot within a dimer.8,10,19,20 Such correlated characterization has also allowed
for an unprecedented integration of experimental data with simulation results,7,8 and perhaps
most importantly has shown new engineering pathways for the fabrication of simple and
reproducible hot spots for SERS applications.12,21

Early studies involving correlated-SERS with silver or gold nanoparticles simply determined
if the colloidal particles sampled under a Raman microscope were in an aggregated or dispersed
state, which at the time was a significant advancement.3,4,22 Recent correlated-SERS studies
rely on the use of transmission electron microscopy (TEM),8 scanning electron microscopy
(SEM),13 and/or atomic force microscopy (AFM)10 to quantitatively determine structural
variables like size, shape, and particle-to-particle separation (see Figure 2), in contrast to simply
determining the gross characteristics of the nanoparticle. Correlated-SERS studies inherently
require that the nanoparticle under investigation has a fixed, knowable position and orientation
with respect to the laser spot and polarization, and that the particle can be located with both a
Raman system and a high-resolution imaging system like SEM. In studies involving colloidal
particles, the sample is typically deposited on a substrate and the Rayleigh scattering from an
individual particle under a dark-field objective is used to locate the particle under a Raman
microscope.13 Experiments have also been conducted to correlate the Rayleigh scattering
properties of a nanoparticle to the SERS activity, but no quantitative relationship was found.
As a result, Rayleigh scattering is only used to identify the nanoparticle’s location in current
correlated-SERS studies.8,10,11,23 Figure 3 shows a simple approach we recently
demonstrated, where registration marks are used to locate individual nanoparticles under the
Raman and electron microscopes. Figure 3A shows a dark-field optical micrograph taken from
a region containing a number of silver nanocubes (the blue dots labeled i–v) and several
registration marks (the larger yellow spots). Figure 3B shows an SEM image captured from
the same region. The nanocubes are also circled and labeled in the SEM image to help identify
them. SEM imaging can reveal the size of each nanocube, its orientation with respect to the
laser polarization, and other parameters such as corner sharpness. The LSPR properties and
SERS intensities are dependent on all these parameters. The nanoscale characterization is also
necessary for estimating the SERS enhancement factor (EF) of a nanoparticle, which is an
important aspect of correlated-SERS studies. Typically the EF is defined as below:

where Isers and Inormal are the intensities of the same band for the SERS and normal Raman
spectra, Nnormal is the number of molecules probed for a normal Raman measurement, and
Nsers is the number of molecules probed in SERS. When combined with knowledge of how
the Raman probe molecule binds to the nanoparticle, the nanoscale characterization of
correlated-SERS studies allows one to quickly estimate the Nsers.
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Correlated-SERS studies have emerged with developments in nanolithography and synthesis
of metal nanoparticles having controllable compositions, sizes, and shapes. The well-defined
nanostructures are the impetus for correlated studies, as their engineered features result in a
controllable LSPR that can be manipulated during a synthesis or nanofabrication process.24

Controlling LSPR properties is key to optimizing SERS, as plasmon resonances are responsible
for generating the strong local E-fields necessary for SERS, and in terms of controlling the
LSPR, shape engineering of nanoparticles has provided an efficient handle. Figure 4 shows
some of the silver nanoparticles synthesized in our group through the bottom-up, polyol
method, where AgNO3 is reduced in ethylene glycol to form nanoparticles with well-controlled
shapes. Shapes like cube, bar, and spheroid or rice (Figure 4, B, D, and E, respectively) have
sharp tips and corners, which give these structures an edge over spherical and quasi-spherical
particles in terms of their ability for SERS under dipolar plasmon resonance conditions.
Correlated-SERS studies of nanobars and nanorice indicate that nanorice report larger SERS
intensities,25 and a comparison of nanocubes and nanospheres reveals a similar trend, where
the cubes have stronger SERS than the spheres.26 Theoretical studies (Figure 1) demonstrated
early on that SERS intensities are much higher for particles with high surface curvatures or
sharp tips and corners in part because E-fields near these regions will be intrinsically higher
for high curvature (known as the lightning rod effect). In addition, the red-shifted LSPR
(compared with spherical particles) can have a narrower resonance, and do not suffer from
interband transitions.27 As a result, non-spherical nanoparticles have steadily become the focus
of SERS studies, as their availability and ease of synthesis or fabrication have increased.

Currently, one of the most important contributions of correlated-SERS studies is the clear
dependency of SERS EFs on laser polarization. These studies had their origins in large
aggregates,28 then dimers,18 and more recently for individual nanoparticles. Single
nanoparticles have become more complex, and their optical properties have as well, allowing
for the creation of single nanoparticles with large SERS EFs and significant polarization
dependencies.13,20 Figure 5 shows a comparison study of the polarization dependency for silver
nanocubes and nanospheres. For the nanosphere (Figure 5A), due to its isotropic nature there
is no dependence on polarization, as the surface plasmon will oscillate similarly in all
directions. Figure 5B shows the SERS spectra of 4-methyl benzenethiol (4-MBT) on silver
nanocubes with two different laser polarizations. In this case, the largest SERS EF is recorded
when the nanocube is oriented with a face diagonal axis parallel to the laser polarization, in
contrast to polarization parallel to one of the cube’s edges. For nanoparticles with sharp
features, typically the strongest SERS intensities are seen when the polarization is along an
axis that connects two sharp features, which is the case in Figure 5B, and also for nanorice.
25 Other factors must also be considered, including the excitation wavelength and LSPR peak
(which can split as the nanocube approaches a dielectric surface).29 Complex, anisotropic
nanoparticles will continue to gain widespread use in SERS and they have the potential to
eliminate the necessity of dimers or other compound structures that, while good for SERS, can
be difficult to fabricate, and might be too big or impractical for in vivo applications.20

Silver and gold nanowires have also been the subject of considerable correlated-SERS studies
of the polarization effect.7,11,12,14,16 The relatively large size of nanowires is a drawback, as
they often have one dimension on the micrometer scale. This can have an attenuating effect on
SERS and, indeed, previous studies of single nanowires and paired nanowires do not report
large EFs .11,12,14 This large dimension also introduces polarization dependencies because
typical SERS excitation sources cannot couple with the longitudinal plasmon mode of the
nanowire to generate an LSPR.11 However, the transverse mode, which has dimensions on the
nanoscale, shows a strong plasmon resonance and SERS activity. Interestingly, excitation at
the tips of a nanowire vs. the center shows a considerable difference in SERS intensity and,
also, polarization dependency.12,30 These observations can be explained through particle-
substrate plasmon coupling because the surface plasmon of a nanoparticle can interact more
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strongly with the substrate when it has a component normal to it, hence generating larger SERS
intensities. The induced E-fields of the nanowire for longitudinal polarized light will not have
a component normal to the surface in the center of the wire, however, at the tips, the E-fields
will follow the surface curvature of the nanowire and thus can partially interact with the
substrate creating hot spots between the nanowire and the substrate.12 Such studies show the
value of correlated-SERS studies, where new design rules for hot spots can be gleaned from
careful experiments.

While studying the SERS of individual nanoparticles is a necessary step in the design of SERS
substrates with large EFs, currently there has been no report of single molecule detection
capability for single nanoparticles. However, combining two nanoparticles, or fabricating a
paired structure via lithography, can lead to extremely large SERS EFs. Early theoretical
studies predicted electromagnetic hot spots31 and early correlated-SERS experiments with
metal colloids suggested that these hot spots, which allow for single molecule detection, were
a consequence of closely spaced nanoparticles.22 Many studies since then have shown that,
indeed, nanoparticle aggregates are largely responsible for the detection of single molecules
and their small (<2 nm) interparticle gaps are areas where hot spots are located. However,
studying the random assembly of irregularly shaped nanoparticles cannot lead to any design
rules for better SERS substrates. Simpler aggregates must be studied, and the simplest form of
aggregation is a dimer. A dimer of silver nanoparticles can detect single molecules,8 as well
as lithographically generated bowtie structures,32 and their simplicity allows for easy
determination of the polarization dependency for both the SERS and LSPR properties.16,18
LSPR properties change significantly when two nanoparticles are brought in close proximity,
and the changes are intricately related to the geometry of the dimer.33 For example, when two
silver spheres (d = 36 nm) are brought together along an interparticle axis with (s = 2 nm), two
distinct LSPR peaks will appear: one at 520 nm associated with polarization parallel to the
interparticle axis, and the other at 430 nm associated with polarization parallel to the
interparticle axis. For a dimer of triangular prisms, when the laser is polarized along the
interparticle axis, the LSPR peak red-shifts relative to single prism from 653 nm to 932 nm.
The LSPR peaks remain similar to the single prisms at polarizations perpendicular to the
interparticle axis of the triangular prism dimer. In both systems, the LSPR peaks associated
with polarization perpendicular to the interparticle axis are not particularly sensitive to plasmon
coupling, and represent quadrapole plasmon resonance modes. LSPR peaks associated with
the polarization parallel to the interparticle axis represent dipolar plasmon resonances and these
LSPRs are responsible for the strong local E-fields.33

Much like the non-spherical nanoparticles discussed above, in order to optimize the SERS from
a dimer, the polarization of the laser must match the geometry of the dimer that creates strong
local E-fields. As a consequence, dimers need the polarization of the laser along the axis that
connects the two particles, as discussed above, with a key feature being the interparticle gap
between the two components. For a molecule located in the gap with light polarized along the
interparticle axis, the proximity of the molecule to the surface charges (and E-fields) is
extremely small resulting in large SERS EFs. Furthermore, the coupling between the plasmons
of the two components in the dimer results in large local E-field enhancement near the
interparticle gap.1,33 Neither of these factors can contribute significantly to SERS when the
light is polarized perpendicular to the interparticle axis. Figure 6A shows this dependency,
where the SERS spectra of 4-MBT taken from a dimer of silver nanospheres is shown at two
polarizations, parallel and perpendicular to the interparticle axis. The SERS spectrum of 4-
MBT taken from an individual sphere is also shown for comparison. There is an order of
magnitude difference in the measured SERS EFs for the different polarization directions.
Similarly, in Figure 6B, dimers of silver nanocubes reveal a similar trend, showing that the
shape of the building blocks for the dimer does not affect this polarization dependency although
it can affect the LSPR wavelengths.
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A variety of different dimers formed from nanoparticles and by lithographic methods have
been studied by correlated-SERS, including spheres,10,19 cubes,34 wires,11,14 disks,7 and bow-
tie structures.9,15,32 Typically, spherical dimers (with EFs in the range of 106–108) are not as
SERS active as other types of dimers consisting of non-spherical particles, like the bow-tie
structure, which reports EFs near 1010. For dimers of silver nanocubes in Figure 6B, the highest
EF is near ~107. For these dimers, the EF is contingent both on the laser polarization as well
as the configuration of the dimer. The difference in EFs for the nanocube dimers with face-to-
face, face-to-edge and edge-to-edge configurations is significant, as well as the fact that the
edge-to-edge configuration did not report the largest EF. While this is thought to be due to the
number of molecules in the hot spot of the dimer,34 such differences require further
investigation, but are typical of correlated-SERS studies, and serve as starting points for inquiry
into new important variables in the SERS effect. In this case the way the nanoparticles are
functionalized, and contributions from the substrate, can both affect the SERS signals recorded
from supported nanoparticles, which is the focus of our future work. Because correlated-SERS
studies are able to control many of the variables in a SERS measurement, often interesting
results can be obtained. This is particularly true for studies of dimeric structures. In some cases,
large (~30 nm) gaps between the components in a dimer were found to report the strongest
SERS,7 or no polarization effect was detected at all.9 In general, such studies which take into
account the variables of the nanostructures that lead to large SERS EFs, will continue to provide
important leads to discoveries, due to the large gap in fundamental knowledge relating SERS
EFs to its underlying structures.

The prospects of new developments in correlated-SERS studies remain high. These studies are
poised to redefine current notions of SERS hot spots, develop techniques for isolation of hot
spots, and also improve correlated-SERS measurements themselves. It is commonly held that
“strong” hot spots can only be formed in the gaps between nanostructures. However, correlated-
SERS studies have begun to show that the substrate can play a major role in the formation of
hot spots too. Potentially, instead of assembling nanoparticles to create hot spots, simply
depositing them on an appropriate substrate can create a hot spot between the nanoparticle and
the substrate.12,21 New nanoparticles like gold nanostars, which have tips in all directions,
could be ideal for such applications.35 Whether or not such hot spots will have single-molecule
sensitivity for SERS remains to be demonstrated experimentally or theoretically. Theoretical
work relevant to correlated-SERS studies should start to deal with the substrate, including its
effect on local E-field enhancement, and the plasmonic coupling between a metallic
nanoparticle and metallic substrate.36 Recent results suggest that for comparison of the far-
field properties of a single nanocube with calculations, numerous structural variables needed
to be determined at the nanometer level to achieve an agreement between theory and
experiment.29 Theoretical calculations and correlated-SERS studies have much to offer each
other, however, both will be limited by the degree of characterization at the nanometer level.

Similarly, different methods of isolating the hot-spot region represent another new strategy for
simple, high fidelity SERS substrates, and for fundamental investigations into SERS. Hot spots
are areas of intense local E-fields which are responsible for 24% of the SERS signal, but
represent only a small fraction of the probed molecules.37 Positioning molecules only in the
hot-spot region remains a grand challenge to SERS studies. Isolation of hot spots can be
achieved by either blocking the cold regions on a nanostructure, or by only placing the
molecules at hot spots without blocking other regions of the nanostructure. Figure 7 shows an
example of the latter method, where molecules in the hot spot region formed between two silver
nanocubes are isolated. Plasma etching can selectively remove the molecules on a
nanoparticle’s surface, keeping molecules protected by the substrate or another nanoparticle.
38 As shown in the schematic (Figure 7A), the silver nanocubes formed a dimer via capillary
interactions during solvent evaporation, and were subsequently plasma etched to remove the
molecules on the outer surface while maintaining the molecules between the cubes in the hot
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spot region. In contrast, photoresist can block areas of low enhancement, revealing only the
hot-spot regions for molecular absorption.39 Isolation of hot spots can eliminate the attenuating
effects of the broad distribution of SERS EFs, essentially only allowing for a few molecules
to absorb in the hot-spot region. However, for molecules in hot spots, their orientations relative
to the nanostructure and the incident laser field will have an enormous impact on the EFs,
which poses additional challenges and opportunities in SERS. This effect can be used to
characterize the nature of the hot spot, and determine if the blinking is from one molecule or
two.40 Single-molecule SERS, while clearly demonstrated in a number of studies, remains an
active area of research, particularly in terms of its implementation.

As noted above, correlated-SERS studies first acquire Raman spectra followed by imaging of
the SERS nanostructures, due to uncertainties concerning the effect of exposing the structures
to an electron beam, or a scanning tip. This approach has a number of limitations for studies
involving nanoparticles, primarily because only after the Raman data has been taken can the
nanoparticle be characterized and its orientation to the laser polarization determined. This is
not a problem for lithographically generated nanostructures, but represents a major drawback
for the use of colloidal particles in SERS. New techniques need to be developed that will allow
for full characterization and the precise knowledge of the location of interesting nanoparticles
on a substrate, followed by acquisition of SERS spectra from the pre-determined particles. Or
conversely, with better understanding of the relationship between the scattering property of a
supported nanoparticle and its physical parameters, Rayleigh scattering could be used to
located desirable nanoparticles for SERS.23 Each approach will allow for new studies that can
closely compare various nanostructures with different sizes, shapes, and morphologies to their
SERS, which is currently not feasible by selecting random particles through dark-field
microscopy. Correlated-SERS studies have a great deal to offer in terms of design rules for
engineering SERS substrates, and for providing additional evidence for the mechanisms of the
SERS effects. In general the future of such investigations will strive for greater control at the
nanometer level, revealing new problems and discoveries that will propel SERS studies
forward.
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Figure 1.
Comparison of the E-field enhancement (|E|2) contours for a silver nanocube (A–B) and a silver
nanosphere (C–D). The difference in particle shape can be clearly seen in the TEM images in
(A) and (C). The corresponding |E|2 contour plots show the enhanced E-fields will be localized
at the corners of the nanocube and are much larger compared with the nanospheres. The cartoon
at the bottom of each contour plot shows the plane of the nanoparticle represented by the
calculated |E|2 contour plot. For (B) the incident light is along the z-axis and the polarization
(red arrow) is along the y =×direction and for; (D) the incident light along the z-axis and
polarization along the x-axis. Copyright (2009) ACS.
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Figure 2.
Schematic of two typical correlated-SERS measurements where in (A) a single silver nanocube
and (B) a single dimer of silver nanospheres on a Si substrate are excited by a focused laser
beam for SERS and then imaged by SEM (see the inset) to determine the parameters of the
nanostructure. In correlated-SERS, one nanostructure is probed at a time with SERS, followed
by characterization at the nanoscale to reveal the orientation with respect to the laser
polarization (E) and variables like the edge length (l) for the nanocube in (A) or the diameter
(d) of the nanospheres in (B). The particle to substrate distance (h) is also important, and for
a dimeric structure, the particle-to-particle separation (s) often requires high-resolution
imaging tools as the typical value is smaller than 5 nm. These represent just some of the
variables that correlated-SERS measurements seek to include in the investigation.
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Figure 3.
(A) Dark-field optical micrograph of a Si substrate with registration marks (large yellow spots)
and a number of individual silver nanocubes (small blue dots) labeled i to v; and (B) SEM
image of the same region as shown in (A). Below (A) and (B) are the SEM images clearly
resolving the morphology and orientation of each individual nanocube. Copyright (2007) ACS.
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Figure 4.
SEM images of individual silver nanoparticles that we have synthesized using the polyol and
related methods: (A) sphere, (B) cube, (C) right bipyramid, (D) bar, (E) spheroid (or rice) with
two sharp ends, and (F) triangular plate with a thickness of 15 nm.
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Figure 5.
SERS spectra of 4-methyl benzenethiol (4-MBT) from an individual silver nanosphere (A) and
nanocube (B), respectively. Each arrow indicates the laser polarization direction relative to the
nanosphere or nanocube in the SEM image. For the nanosphere, no significant variation was
observed for the spectra taken at different polarization directions. For the nanocube, the SERS
signals were more strongly enhanced when the laser was polarized along a face diagonal
(bottom trace in B). The insets show SEM images of the probed nanosphere and nanocube.
The scale bars in the insets correspond to 100 nm. Copyright (2009) Elsevier.
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Figure 6.
(A) SERS spectra taken from 4-methyl benzenethiol (4-MBT) immobilized on a dimer of silver
nanospheres (at two different polarizations) and on a single silver nanosphere. (B) Summary
of the SERS EFs calculated for individual silver nanocubes, and their dimers in face-to-face,
edge-to-face, or edge-to-edge configuration. The samples were functionalized with 4-MBT.
Each arrow indicates the laser polarization with respect to the corresponding SEM image. The
scale bars represent 100 nm. Copyright (2009) Wiley-VCH. Reprinted with permission.
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Figure 7.
Probing the hot spot within a dimer of silver nanocubes. (A) Schematic of the approach
employed for selectively probing the hot spot region formed between a pair of silver nanocubes.
The dimer was functionalized with 4-methyl benzenethiol (4-MBT) and then exposed to plasma
etching to remove the adsorbed 4-MBT molecules. In this case, only the 4-MBT molecules
outside the hot spot region (i.e., outside the two touching faces) were removed during the
plasma etching. The nanocube dimer was then immersed in a 1,4-benzenedithiol (1,4-BDT)
solution, resulting in the complete replacement of 4-MBT by 1,4-BDT over its entire surface.
(B) The corresponding SERS spectra, where the middle spectrum represents the SERS signals
from molecules in the hot spot region only. The scale bar represents 100 nm. Copyright (2009)
Wiley-VCH. Reprinted with permission.
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