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ABSTRACT: Since the observation of single-molecule surface-
enhanced Raman scattering (SMSERS) in 1997, questions regarding
the nature of the electromagnetic hot spots responsible for such
observations still persist. For the first time, we employ electron-
energy-loss spectroscopy (EELS) in a scanning transmission electron
microscope (STEM) to obtain maps of the localized surface plasmon
modes of SMSERS-active nanostructures, which are resolved in both
space and energy. Single-molecule character is confirmed by the
bianalyte approach using two isotopologues of Rhodamine 6G.
Surprisingly, the STEM/EELS plasmon maps do not show any direct
signature of an electromagnetic hot spot in the gaps between the
nanoparticles. The origins of this observation are explored using a
fully three-dimensional electrodynamics simulation of both the
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electron-energy-loss probability and the near-electric field enhancements. The calculations suggest that electron beam excitation
of the hot spot is possible, but only when the electron beam is located outside of the junction region.

SECTION: Plasmonics, Optical Materials, and Hard Matter

urface-enhanced Raman scattering (SERS),' ™ discovered

more than three decades ago, relies on the localized surface
plasmon resonance (LSPR)*® to deliver large Raman enhance-
ment factors (10°~10') to molecules located close to the
surface of plasmonic nanostructures. The SERS effect is so
dramatic that, despite the weakness of Raman scattering, the
vibrational spectrum of a single molecule can be easily
observed.*” The claims of single-molecule SERS (SMSERS)
were initially met with skepticism because of the extraordinary
enhancements proposed (~10"), and efforts immediately
turned to proving the existence of SMSERS®'° and character-
izing the nanostructures that gave rise to such massive
enhancements.'' ~* More than 15 years later it has become
widely accepted that electromagnetic hot spots play a major
role in SMSERS. In the electromagnetic mechanism (EM) of
SERS, excitation of the LSPR in a plasmonic nanostructured
material leads to a significant electric field enhancement (EFE)
at the particle surface, and the Raman cross section of
molecules in this enhanced field can be increased by several
orders of magnitude.”® Electromagnetic enhancements of
10'°—10"" at the junction between two closely spaced metallic
particles (hot spots) have been predicted,"”'®'” although the
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maximum achievable enhancements are moderately reduced
when quantum effects are taken into account.'® Also, studies
have shown that more modest enhancement factors (on the
order of 10’—10%) are sufficient to observe a single molecule in
SERS for a resonant molecule such as Rhodamine 6G (R6G)."”

While the idea of electromagnetic hot spots in SERS is well-
known,”**" Brus and co-workers*>** showed using polarization
studies that hot spots formed at the junction of two
nanoparticles likely play a major role in SMSERS. This claim
was further supported by atomic force microscopy showing that
SMSERS-active structures are aggregates of Ag nanoparticles. A
study correlating high-resolution transmission electron micros-
copy (HRTEM), SMSERS, and LSPR showed that multiple
aggregate nanostructures ~100 nm in size were suitable for
observing SMSERS and continuum electrodynamics calcu-
lations on the simplest SMSERS-active aggregates, also
confirming that the hot spot was located near the interparticle
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Figure 1. ADF images (left), Raman scattering (middle), and resonance-Rayleigh (right) scattering spectra of two SMSERS-active trimer structures.
Single molecule character was confirmed using the isotopologue method.

junctions.”*** Wustholz et al.”® demonstrated that the EFE can
reach its maximum when two particles are in subnanometer
proximity or have coalesced to form crevices. Studies
performing high-resolution two-dimensional (2D) imaging of
SMSERS hot spots measured the spatial distribution of the
SMSERS centroid position and the SERS intensity,””** and
these studies were later expanded to include images of the
active aggregates.”” A recent theoretical investigation of the
spatial, spectral, and polarization dependence of the electro-
magnetic SMSERS-active hot spots showed that high electro-
magnetic field strength can be produced at multiple spectral and
spatial locations.” This study further demonstrated that some
hot spots exist due to the collective and phase-uniform
excitation of LSPRs, while others originate from interfering
plasmonic excitations resulting from scattering from gaps and
surfaces.

Despite the large body of evidence in favor of electro-
magnetic hot spots, only now have techniques emerged that can
image plasmons with the spatial (<1 nm) and energy
resolutions (0.1—0.3 eV) necessary to observe the elusive
electromagnetic hot spots, which are thought to be essential for
SMSERS. One such technique is electron-energy loss spectros-
copy (EELS) in a scanning transmission electron microscopy
(STEM).**~* The power of this technique is derived from its
ability to experimentally render the photonic local density of
states (LDOS). Using a Green’s function approach, Garcia de
Abajo and Kociak*® concluded that “the energy loss probability
is directly related to the LDOS in arbitrary systems”. Numerical
simulations support this conclusion, and they further emphasize
the correspondence between the projection of the LDOS onto
the electron trajectory and the EELS signal.*® Hohenester,
Ditlbacher, and Krenn*' considered this same question and
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instead concluded that “there exists no clear-cut relation
between EELS and LDOS”.*" They further examined coupled,
flat metallic nanostructures and state that EELS can “be blind to
the hot spots in the gap region between particles.” These
theoretical studies focused on structures that are quasi-planar,
and it is not clear to what extent the results apply to the
complex three-dimensional (3D) nanoaggregates encountered
in SMSERS, where the imaging of hot spots takes on primary
importance. Previous experimental studies have examined
(mostly planar) coupled nanoparticle structures,>">3%383°
although none of them were known to be SMSERS-active.

Herein, we present the first STEM/EELS imaging study of
plasmon modes in nanostructures confirmed to be SMSERS-
active. Our STEM/EELS studies do not show an enhanced EEL
in the gap regions between nanoparticles, where one would
expect the electromagnetic hot spots to be located. Further, we
support our experimental findings with a fully three-dimen-
sional electrodynamics simulation of both the near-electric field
enhancement (hot spot) and EELS loss probability, for the
exact nanoparticle geometry obtained from the experiment.
The simulations are in full agreement with the experimental
results and yield insights into the specific EEL signatures
associated with hot spots.

In our experiment, SMSERS-active clusters were identified
using the bianalyte approach,®** which relies on two
isotopologues of Rhodamine 6G,” R6G-d, and R6G-d,. Briefly,
Ag nanoparticles were treated with a low concentration of the
mixture of R6G-d, and R6G-d, (ca. 107 M) such that
approximately one R6G molecule, either R6G-d, or R6G-d,
was adsorbed per active site according to the Poisson
distribution” (see Supporting Information (SI), Figure S1).
Many SMSERS-active aggregates were analyzed with our
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Figure 2. Spatially resolved EEL maps for a loss energy of 2.3 eV for SMSERS-active trimers. Images have been normalized to the ZLP. A complete
EEL spectrum is obtained for every pixel in the region of interest (defined by the ADF in Figure 1); however, we focus on the loss energy of 2.3 eV
as this corresponds to the energy of the Raman laser (532 nm, 2.3 eV) used in the SMSERS experiment. (Images for other loss features are available
in the SL) While it is assumed that the largest electromagnetic enhancement is obtained at the gap region, no localization of the EEL intensity is

observed in the gaps. Scale bars are 50 nm (left) and 100 nm (right).
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Figure 3. ADF images (left) and EEL spectra (right) for selected points around the SMSERS-active structures (a,b). For comparison, the EEL
spectra and ADF images of a nanorod are adapted from ref 33. The energy of the laser line used in our experiment (532 nm & 2.3 eV) is indicated
with an arrow in the graphs. The spectra have been normalized so the highest point is 1. Scale bars are S0 nm (a), 100 nm (b), and 50 nm (c).

correlated STEM/EELS/optical approach to ensure a repre-
sentative data set. Figure 1 presents correlated annular dark
field (ADF) images and optical spectra of two representative
nanostructures confirmed to be SMSERS-active. In good
agreement with previous HRTEM studies,” our structures

consist of a number of nanoparticles with varying degrees of

contact. These contact regions, which we call “junctions”, arise
from coalesced or closely spaced structures and are thought to
support electromagnetic hot spots. Figure 1 also displays the
Raman spectra, without baseline or background correction, and
the resonance-Rayleigh scattering measurements of the two
SMSERS-active particles. As previous studies have indicated,
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Figure 4. (a) Comparison of the calculated electric near-field magnitude obtained from plane-wave excitation (left) with the EEL probability map for
a 100 keV electron beam (right) for the SMSERS-active trimer displayed in Figure 1. Simulation of the plane-wave excitation is performed via the
DDA at a wavelength of 532 nm. The wave vector of the excitation field is directed along the z-axis and is polarized along the x-axis. The 2D slice
displayed corresponds to the plane where the electric-field magnitude is maximized. Other polarizations, wave-vector directions, and projection
planes were examined and show similar localization of the field in the junction regions. The loss-probability map, computed via the e-DDA, is
displayed at a corresponding loss-energy of 2.3 eV. In agreement with the experiment, the EEL map does not show an intense loss probability in the
junction region. (b) Induced polarization maps (2.3 eV) obtained for two different positions of the electron beam (green bullet). Placement of the
electron beam in the junction leads to a net antibonding arrangement of dipoles (right), whereas placement of the electron beam on the outside right
corner leads to a net bonding arrangement (left). Also shown is the induced polarization (red vectors) and resulting scattered electric field (blue
vectors), both normalized to unity to aid visualization. Both panels display 2D slices taken from fully 3D simulations of the trimer. The plane of
visualization was chosen to lie at the height of the centroid of the two cubes.

there is no correlation between the SERS enhancement factor after centering, normalizing to the zero loss peak (ZLP), and
and the LSPR maximum.*>** subtracting the ZLP), and plasmon modes extracted using the

When preparing SMSERS-active nanoclusters via aggrega- Automated eXpert Spectral Image Analysis (AXSIA) program,
tion, only a few percent of the total aggregates are found to be are similar to those presented in Figure 2 (see SI Figures S2b,
active.” This small population of active aggregates is due, in S3b, S4c, SSb). These results demonstrate that there is no

part, to the low analyte concentrations required to ensure single
molecule character; however, it is additionally assumed that
only “special” aggregates generate an electromagnetic hot spot
on resonance with the excitation laser. In this picture, these
“special” aggregates lead to the strongest SMSERS signal;
although, theoretical studies®® have cautioned that one
aggregate may have multiple hot spots and that the maximum
electromagnetic enhancement may be a weak function of the
laser excitation energy. To examine the possibility of an

localization of the EEL intensity in the gaps at 2.3 €V, even at
the junctions between the particles.

We have also extracted EEL spectra from the gap regions and
display them in Figure 3. This allows us to probe resonances
occurring at energies different from the excitation laser, e.g., an
exceptionally bright aggregate may yield SMSERS activity, even
when the laser is off resonance from the hot spot. As evident
from Figure 3a,b, we do not observe any sharp resonance for

electromagnetic hot spot at the energy of our resonance-Raman either trimer at the points located between the nanoparticles.
experiments (532 nm, 2.3 eV) we plot, in Figure 2, the spatially One might object that the energy resolution of the current
resolved intensity corresponding to an electron-energy-loss of experiment (~0.5 eV) is insufficient to resolve some of the
2.3 eV for the structures shown in Figure 1. We emphasize that modes (e.g, modes corresponding to the gap between the
the image obtained in Figure 2 is not dependent on the EELS nanoparticles); therefore, for comparison, we have also

data processing method. Raw energy slices of EEL (spectra included in Figure 3 EELS data for a nanorod adapted from
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our previously published work.*® For the nanorod, we observe
well-resolved (spatial and spectral) plasmon resonances.

While it is well-known that extreme near-electric-field
enhancements can be obtained at locations near sharp surface
protrusions or in nanogaps,”’w’17 our EELS results do not
show a clear localization of the EEL intensity at the junction of
two nanoparticles. In order to examine this observation in
detail, we employ a modified version of the discrete dipole
approximation (DDA), called electron-driven DDA (e-DDA),*
which imposes the electric field of a swift electron,**

—2;'“’ s/ iKO(a’—b)e - Kl(w—b)f)
viey v \or vy 1)

rather than a plane wave upon a fully three-dimensional target
located a distance Ixl = (Ibl* + 2*)!/? away from the direction of
propagation, V. In this expression, v is the speed of the electron,
chosen to propagate along the z-axis, y = [1/(1 — e(v/c)®)V?,
and K, and K, are modified Bessel functions. As in the DDA,
the target is discretized into a finite collection of N polarizable
points that are each driven by the field of the electron (eq 1)
and by the electric-dipole field of all other target points. Each
point is described by a linear polarizability that depends upon
the complex-valued and frequency-dependent dielectric func-
tion of the bulk material.** When the electron beam is
positioned near the target, the EEL spectra at each impact
parameter b can be computed from the loss probability per unit
frequency,**’

E(x, w) =

N
B(@) = —In 3 E*(x, 0)-B(0) N
j=1 2

where P; is the dipole moment of the jth target dipole, and E is
the electric field of the swift electron evaluated at position j.
Further details of the theoretical methods are available in the
SI, and an in-depth comparison of e-DDA calculations with
experimental STEM/EELS measurements are the subject of a
companion manuscript.43

Figure 4(a) compares the calculated electric near-field
magnitude, obtained from plane-wave excitation (DDA), and
the energy-loss-probability map, obtained from a 100 keV
electron beam (e-DDA). The calculation in both cases is
performed at an energy of 2.3 eV corresponding to excitation
with 532 nm light or a 2.3 eV energy loss from the electron
beam.

The calculated loss-probability map (Figure 4a, right panel)
compares well with the experiment (Figure 2), although small
differences are observed, likely due to the complex nature of the
nanoaggregates, imperfect reconstruction of the experimental
ADF image to an array of dipoles, and variations in the local
environment of the aggregate. Even though this structure is
predicted to have an intense electromagnetic hot spot in the
junction region under plane-wave excitation (Figure 4a, left
panel), and is known to be SMSERS-active, a strong EEL
probability in the junction region at 532 nm is not observed in
either the STEM/EELS experiment or the e-DDA theory. We
do, however, observe strong loss features at points external to
the junctions (Figure 4).

Insight into these features can be explored by computing the
polarization induced in the target at 2.3 eV for different
electron-beam positions (Figure 4b). Our analysis suggests that
the planar model of bonding and antibonding dipoles*' is
applicable to the more complex geometries observed in
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SMSERS. When the electron beam is positioned in the
junction, the calculations show that a net antibonding
arrangement of the target’s polarization vectors is induced.
This leads to a node of the scattered electric field in the
junction and a small loss probability results. When the electron
beam is positioned on the right side of the nanoaggregate, a net
bonding arrangement of the induced polarization vectors is
obtained. This underlies a capacitive electric field that is
localized in the junction and is characteristic of an electro-
magnetic hot spot. In fact, we show in a related paper that the
electron-induced junction field and the hot sgot set up by
plane-wave excitation are directionally identical.*

Both of these arrangements of the target’s electronic
polarization are due to the forces exerted by the polarization
of the electric field of the swift electron. Interestingly, this
means that the electromagnetic hot spot can indeed be excited
by the electron beam, and that it is in principle possible to
induce Raman scattering from the single molecule with the
electron beam.

In summary, we present, for the first time, plasmon maps of
SMSERS-active nanoparticles employing STEM/EELS.
Although it is widely accepted that electromagnetic hot spots
are responsible for SMSERS activity, and are located between
the gaps of nanoparticles, we do not see a large EEL intensity in
these regions. We have rigorously confirmed that each structure
examined indeed gives rise to SMSERS before EELS imaging.
Our experimental results are complemented with a fully 3D
simulation that builds the electron-beam excitation directly into
the DDA and utilizes shape parameters derived from the
experiment. The simulations are in good agreement with the
experimental results and yield insights into the specific EEL
signatures associated with hot spots. In other words, the
electromagnetic hot spot can be excited when the electron
beam is positioned at the periphery of the nanoaggregate. With
the rapid emergence of STEM/EELS as a tool for probing the
plasmonic properties of nanostructures, we believe the work
presented here will impact a wide range of STEM/EELS
plasmon imaging experiments going forward.

B METHODS

R6G-d, was synthesized according to the procedure described
by Blackie and co-workers,** with NMR and mass spectrometry
data of the resulting compound matching this prior report. Ag
nanoparticles were treated with a low concentration of the
mixture of R6G-d, and R6G-d, (ca. 10~ M) such that
approximately one R6G molecule, either R6G-d, or R6G-d,
was adsorbed per active site according to the Poisson
distribution’ (Figure S1). Silver nanoparticles were obtained
from nanoComposix and used without further purification. In
our experiment, no salt was added to the SMSERS solution
since previous nanoparticle studies had demonstrated the
existence of sufficient aggregations, and, for the purpose of this
study, simpler structures with not many overlapping nano-
structures were desired. Two hundred mesh Cu grids coated
with holey carbon (SPI supplies #3540C-FA) were used as
TEM supports. A 3 uL aliquot of the SMSERS solution was
drop-coated directly onto the TEM grid, and the solvent was
allowed to evaporate. After deposition, the sample was placed
on a coverslip, mounted in a custom-designed sample holder,
and purged with dry nitrogen. For the Raman scattering, the
sample was irradiated with 532 nm linearly polarized laser light
(Spectra Physics, model J-20) at a grazing incidence with a
power density of ~0.03 W/cm® Optical measurements were
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carried out on an inverted microscope (Nikon, Ti-U) equipped
with a dark field condenser (Nikon, NA = 0.95—0.80) and an
ultrasteep Raman long-pass edge filter (Semrock) to block the
laser Rayleigh line. Raman spectra were collected using a 100X
(Nikon, 0.7 < NA < 1.4, oil immersion) objective and detected
on a liquid nitrogen-cooled back-illuminated charge-coupled
detector (CCD) (Princeton Instruments, PIXIS 100). Reso-
nance-Rayleigh scattering measurements were performed on
the SMSERS-active nanoparticles after removing the long-pass
edge filter utilizing the unpolarized light output of a tungsten-
halogen lamp. A wide-field image of the silver nanoparticles on
the TEM grid was also recorded to serve as a map for
subsequent characterization in the STEM. This method
enabled correlated optical and STEM measurements of the
exact same SMSERS-active nanostructures with an average of
1S active clusters per grid.

After identification and optical characterization of active
SMSERS nanoparticles, the sample was inserted into an
aberration-corrected, cold-field-emission STEM (VG Micro-
scopes HBS01UX STEM with Nion aberration corrector and
Gatan Enfina EEL spectrometer). The SMSERS-active nano-
particles were found by comparing the dark-field optical map to
the pattern of particles visible in the STEM at very low
resolution.*’ After identification, a high-resolution ADF image
and an EEL spectrum image were collected from the ZLP
containing region, ie., an EEL spectrum is recorded at each
pixel over the entire region of interest. The spectrometer
dispersion was set to 0.05 eV per channel with an exposure
time of 0.05 s per spectrum. The pixel size/density (60 X 37
pixels for Figure 2, left and 57 X 76 pixels for Figure 2, right,
with a spatial resolution of ~3 nm per pixel) was chosen to give
a total acquisition time of around 11 min for a single spectrum
image. Shorter acquisition times were used to avoid
accumulation of contaminations caused by the electron beam.
The energy resolution, determined by the full-width-half-
maximum of the ZLP, was ~0.5—0.55 eV. The STEM/EELS
data were analyzed using three different approaches: in the first
approach, the raw EELS data were examined after centering the
ZLP of each spectrum at 0 eV, normalizing to the ZLP, and
subtracting the ZLP, leaving only the inelastic contributions to
the spectrum image. In the second approach, for a particular
pixel of interest, the complete EEL spectra, after centering and
subtracting the ZLP, were background subtracted and plotted
for different probe positions on the entire structure. In a third
and final approach, multivariate statistical analysis employing
the AXSIA program,®”*' was applied to the data to extract
statistically significant component spectra and maps; details of
this analysis have been discussed in our previously published
work.*® The data analysis using AXSIA is presented in the SL
Our experimental measurements are also supported by
electrodynamics simulations based on the DDA,**> and the
details are presented in the SIL

B ASSOCIATED CONTENT
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Simulation methods and additional figures (S1—SS). This
material is available free of charge via the Internet at http://
pubs.acs.org
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