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N
anoscale plasmonic resonators
localize optical energy below the
diffraction limit and at high local

intensities,1 making them suitable for
enhancing optical spectroscopy,2�4 non-
linear optical processes,5,6 optical energy
conversion,7,8 and joining the mismatched
length-scales of optics and electronics.
Recently, theoretical work has identified a
new type of hybrid nanoresonator akin to a
loaded-gap antenna, wherein the gap be-
tween two collinearly aligned metal nano-
rods is filled with a dielectric material.9,10

The optical load provided by the gap ma-
terial has a profound impact on the optical
resonances supported by such a “nanogap”
antenna, and thus provides an opportunity
for modulation of antenna resonance at
frequencies determined by the gap materi-
al's optical response.5,11 Conversely, the

antennasmay be used to enhance or enable
any field-driven function of the active gap
material (semiconductor carrier generation,
lasing or other emission, chemical catalysis,
etc.).12 More generally, metal�insulator�
metal (MIM) systems have demonstrated
near-perfect optical absorption,13 immense
radiative rate enhancements,14 and inde-
pendent tuning of the spectral response
and modal intensity.15

While there ismuch interest in employing
hybrid nanosystems to combine the field
enhancements of plasmonic nanostructures
with the utility of functional materials,16 the
spectral and spatial profiles of resonances
supported on such heterostructures quickly
become complex due to the interaction
of the dielectric material with the metal,17

mode hybridization,18 activation of dark
modes via symmetry-breaking,19,20 and the
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ABSTRACT We have produced large numbers of hybrid

metal�semiconductor nanogap antennas using a scalable electro-

chemical approach and systematically characterized the spectral and

spatial character of their plasmonic modes with optical dark-field

scattering, electron energy loss spectroscopy with principal compo-

nent analysis, and full wave simulations. The coordination of these

techniques reveal that these nanostructures support degenerate

transverse modes which split due to substrate interactions, a

longitudinal mode which scales with antenna length, and a symmetry-forbidden gap-localized transverse mode. This gap-localized transverse mode

arises from mode splitting of transverse resonances supported on both antenna arms and is confined to the gap load enabling (i) delivery of substantial

energy to the gap material and (ii) the possibility of tuning the antenna resonance via active modulation of the gap material's optical properties. The

resonant position of this symmetry-forbidden mode is sensitive to gap size, dielectric strength of the gap material, and is highly suppressed in air-gapped

structures which may explain its absence from the literature to date. Understanding the complex modal structure supported on hybrid nanosystems is

necessary to enable the multifunctional components many seek.

KEYWORDS: localized surface plasmon . hybrid nanoparticles . plasmon hybridization . dark-field spectroscopy .
electron energy loss spectroscopy . nanogap antenna
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nonideal morphologies inherent in structures made
utilizing techniques at the forefront of nanofabrica-
tion.21,15 The relatively simple nanogap antennas dis-
cussed in this manuscript contain only two Au rods
joined by a dielectric gapmaterial. However, substrate-
induced degeneracy-lifting, mode coupling via near-
field interactions, andmode hybridization are all active
in these deceptively simple structures creating a rich
spectral response which must be understood if hybrid
resonators are to be adopted into industrial-scale, or
even specialized, applications.
Hybrid systems have received a great deal of atten-

tion for photocatalysis22,23 and, to a lesser extent,
optical upconversion via wave mixing.12,24 Many areas
of technological impact (energy production, catalysis,
and remediation) require production of large numbers
of hybrid resonators whose resonant modes are both
well-understood and tunable via conveniently acces-
sible parameters. To this end, we have (i) used a high
yield bottom-up technique, electrochemical deposi-
tion, to fabricate nanogap antennas comprising two
Au nanorods joined by a CdS-filled gap, as well as the
individual building block of these antennas (i.e., single
Au/CdS and pure Au rods) which serve to build a full
understanding of the more complex structures; (ii)
characterized the optical modes of individual antennas
with polarization- and wavevector-controlled dark-
field microscopy and microspectroscopy; (iii) mapped
the spatial profiles of the dominant modes with elec-
tron energy loss spectroscopy and principal compo-
nent analysis; (iv) utilized full-wave solutions of
Maxwell's equations obtained with finite-difference
time-domain (FDTD) simulations to reveal the nano-
scopic origin of the radiatingmodes supported on such
nanogap antennas. As with other elongated nano-
plasmonic resonators,25,26 our plasmonic nanogap an-
tennas (Au/CdS/Au cylinders with typical lengths
of 120/35/120 nm by ≈80 nm diameter) support
transverse and longitudinal resonant modes, each
with a different dependence on particle geometry
(length, diameter, gap size) and dielectric environment
(ambient, substrate, gap material). We find that there
are two degenerate transverse modes (in- and out-of-
plane near 570 nm) that are weakly split by the
presence of the substrate,17,27,28 and a longitudinal
mode near 950 nm. In addition to these conventional
modes, these loaded nanogap antennas also support a
unique symmetry-forbidden gap-localized transverse
mode which is the bonding mode arising from the
splitting of degenerate transverse modes localized on
the two gap faces. This mode is excitable in a conven-
tional dark-field optical scattering geometry owing
to a retardation effect, namely the phase difference
experienced by the excitation wavefront as it travels
the length of the gap, and can be spatially profiled
using electron energy loss spectroscopy (EELS),
which is sensitive to both bright and dark modes.29

Furthermore, although not as intense as the conven-
tional longitudinal mode, this previously unobserved
mode is strong (|E/E0|

2 ≈ 20) and tightly localized in
the nanoscopic (≈30 nm separation) gap region which
would enable enhanced optical processes to be carried
out in this dielectric load.

RESULTS AND DISCUSSION

Dark-Field Spectroscopy: Conventional Modes. The struc-
tures described herein, comprising two Au nanorods
joined by a CdS gap material, are shown as-grown in
the porous template in Figure 1a, and after release onto
an ITO substrate in Figure 1b. Templated electrochemi-
cal deposition yields nanogap antennas at a density
of ≈109 cm�2. While growth rates do vary from pore
to pore, uniformity of 10�15% has been reported,30

and the ability to mass-produce nanowires consisting
of multiple dissimilar metal (Au, Ag, Ni, Fe, Cu, Pt, Pd, Al,
etc.), polymer (polypyrrole,31 polyaniline32), and semi-
conductor (CdS, CdTe, ZnO, ZnS, etc.) segments is truly
unique. Two primary optical modes are supported on
conventional, single component, plasmonic nanorods.

Figure 1. Introduction to nanogap antenna structure. (a)
As-grown Au�CdS�Au heterostructures in the AAO tem-
plate in which they were produced. Antennas were release,
washed, and dropped (b) onto ITO/glass substrates for
optical interrogation (100 nm scale bar). (c) The conventional
transverse and longitudinal modes expected for such a
structure.
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These are transverse and longitudinal modes asso-
ciated with charge oscillations in the radial and axial
directions, respectively. Our hybrid nanogap antennas
exhibit these two fundamentalmodes,modified to some
degree by the substrate, as illustrated with blue and red
arrows in Figure 1c, but our structures have additional

gap-related modes which will be discussed later.
Figure 2 serves as an introduction to optical dark-

field scattering in our structures and themodes excited
therein. In addition to the high signal to background
inherent in the dark-field experimental geometry,
this method also offers great flexibility in modal excita-
tion33 and interrogation owing to its control of both
incident and collection polarization as well as incident
direction. If one limits consideration to only two
principal directions, transverse and longitudinal
(referred to as T and L), there are 23 combinations of
experimental geometries. Three such geometries, along
with their measured dipole radiation patterns, are illu-
strated in Figure 2. The nomenclature used to describe
our experimental geometry consists of three terms
which identify the direction of the incident k-vector,
excitation polarization and collection polarization.
Letters T and L are used to indicate transverse and
longitudinal with respect to the antenna long axis.

The excitation polarization is labeled as either s or p
indicating an in-plane or out-of-plane excitation. For
example, Figure 2a, depicts the T-p-T geometry. The first
term, T in this case, indicates the k-vector of grazing
incident light is restricted to be transverse to the
nanowire. The second term, p, indicates that the excita-
tion light is polarized normal to the substrate. The final
term, another T in this case, labels the collection polar-
ization (seeMethods for further description). Because of
the grazing angle of incidence, this condition excites a
dipole oriented primarily normal to the substrate. The
diffraction-limited image of such an out-of-plane dipole
exhibits a donut shape that is radially polarized in the
image plane.34 However, when the collected light is first
passed through a linear polarizer before being focused
to an image, the donut is modified into a double-lobed
feature oriented in the collection polarization direction,
seen as the lobed scattering pattering in Figure 2a. The
geometry of Figure 2b, L-s-T, also excites a transverse
mode, but one that is oriented in-plane and nominally
degenerate with the out-of-plane mode excited under
T-p-T. These degenerate transverse modes correspond
to the blue arrows in Figure 1c. The final example
geometry, termed T-s-L in Figure 2c, excites a long-
itudinal in-plane dipole depicted as red arrows in
Figure 1c. Both the transverse and longitudinal in-plane
modes, Figure 2b,c, result in diffraction-limitedAiry disks
whose shapes are practically independent of collec-
tion polarization34 (patterns shown in Figure 2b,c).
The structures of the dark-field scattering images act
to verify interpretation of the excited modes.

Optical scattering spectra associated with these
three example geometries are given in Figure 2d and
represent the conventional transverse- and longitudi-
nal-modes supported by elongated antennas in
general, and our nanogap antennas in particular. The
first modification from the idealized case of a single-
component nanorod in vacuum, a substrate-induced
lifting of the degeneracy of the transverse modes, is
experimentally observed as a splitting of the transverse
mode (red and black curves in Figure 2d). This occurs
for single plasmonic spheres17 and rods27 aswell as our
nanogap antennas. The transverse modes of a rod on a
substrate are red-shifted due to the near-field of image
dipoles created in the substrate, which reduce the
restoring force of the radiated dipoles. The red-shift
occurs for both the in-plane and out-of-plane trans-
verse modes, but the interaction is much stronger for
the out-of-plane geometry, leading to a larger red-shift
and observable splitting whose magnitude increases
with the optical index of the substrate.17,27 For these
nanogap antennas on ITO, the sign and approximate
magnitude of this splitting were consistent among five
nanowires tested (32 ( 16 nm wavelength splitting),
and similar to the splitting observed for a conventional
single component Au rod antenna (34 nm), included in
the Supporting Information, Figure S1. We note that

Figure 2. Subset of dark-field geometries illustrating exam-
ple experimental conditions and resultingdipole images; (a)
and (b) generate out-of-plane and in-plane oriented trans-
verse dipoles, respectively, and (c) results in excitation of
the longitudinal band. Spectra associated with these three
geometries are plotted in (d) and reveal substrate-induced
splitting of the degenerate transverse bands (black and red)
as well as themuch redder longitudinal band (blue). Inset to
(d) is an SEM image of the nanogap antenna associatedwith
all spectra and images in the figure. All dipole images have
the same length scale and the scale bar in (a) is 500 nm.
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the out-of-plane transverse dipole may be excited in
either the T-p-T or L-p-T geometry (incident k along L,
incident polarization out of plane, anddetection polari-
zation T). However, the L-p-T geometry also excites
a “gap-localized transverse” mode arising from the
coupling of transversemodes supported on both arms.
We fully discuss this gap-localized transverse mode
below, but use the simpler spectrum here to illustrate
the transverse-mode splitting without the complica-
tion of another mode.

The longitudinal mode supported on a nanogap
antenna is of particular interest due to the large gap-
localized field enhancements associated with this
mode and its potential to bemodulated through active
control of the gap material.9,10 The longitudinal mode,
≈920 nm in Figure 2d, consists of in-phase oscillations
present on both arms of the nanogap antenna. Long-
itudinal rod-resonances supported on conventional
single-component Au rods may be tuned red with
increasing rod length. In nanogap antennas, these
oscillations may also couple through the end-to-end
proximity of the antenna arms resulting in a red-shift of
the longitudinal resonance supported on each single
rod.18 This red-shift increases with the gap optical
index andwith reduced separation ultimately reaching
the resonance expected for a single rod of twice the
length when the gap disappears. Although we observe
a qualitative red-shifting of the longitudinal resonance
with increased arm length, included in the Supporting
Information as Figure S2, quantitative analysis regard-
ing arm length and end-to-end coupling effects on the
longitudinal resonance is difficult due to irregularities
of rod end shapes and gap interface geometries, all
of which influence longitudinal resonance position.21

In particular, our simulations indicate that the rounding
of the antenna arms near the gap region can reduce the
longitudinal-mode shift with nominal antenna length.
This is consistent with the previous work reported for
air-gapped dipole antennas.21 Other nonideal features
such as protrusions into the gap region can produce a
similar effect, althoughadditionalmodesmay appear in
the scattering spectra. The imaging and spectroscopic
results of Figure 2 confirm selective excitation of
in-plane and out-of-plane transverse and longitudinal
resonances and identify substrate-induced splitting
of degenerate transverse modes in nanogap antennas.
Dark-field spectra acquired for a full set of experimental
geometries are included in the Supporting Information,
Figure S3.

Dark-Field Spectroscopy: Symmetry Forbidden Gap-Localized
Transverse Mode. To develop an understanding of the
unique gap-localized transverse mode supported on
these nanogap antennas, it is useful to inspect the
modal building blocks of the system.Wewill nowbreak
our nanogap antennas into two simpler constituents,
each a one-sided Au�CdS rod. For this, single Au rods
were produced with CdS on one side and with lengths

long enough (≈1 μm) to spatially resolve the scattering
spectra originating at each end of the rod. These rods
were excited at grazing incidence from the transverse
direction (Figure 3a inset). Scattered light was collected
through an objective and sent to an imaging spectro-
meter enabling scattering from each end to be distin-
guished. Such Au rods will support transverse modes;
however, the transverse modes at the two ends will
resonate at different spectral positions due to the
differing dielectric environments of the air versus the
CdS side. The mode localized near the CdS side is
expected to resonate at a longerwavelengthby analogy
with theAunanosphere, which resonates at εAu =�2εm,
where εm is the permittivity of the surroundingmedium.

Figure 3. Scattering spectra and simulations of a one-sided
Au�CdS rod. This structure represents a single armbuilding
block of the full nanogap antenna. (a) Scattering spectra
show the transverse mode near the CdS-capped end (red
curve) exhibits a peak red-shifted relative to the transverse
mode supported on the air-side of the rod (black curve).
Inset illustrates experimental geometry. (b) Calculated
spectrum for excitation light traveling along the rod
(k along z) reproduces these same two resonances. Com-
puted field distributions in the y�z plane at the middle of
the rod identify the ≈545 nm mode as the conventional
transversemode localized at the bare end of thewire (c) and
the red-shifted resonance as localized at the CdS-side of the
rod (d). (e) SEM image of the rod used to generate (a).
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Results for such a structure are presented in Figure 3.
Here, a single Au�CdS rod was evaluated in the T-p-T
geometry which excites an out-of-plane transverse
mode. (The L-s-T geometry excites an in-plane trans-
verse mode which also generates the same insight,
though the scattering strength of the L-s-T geometry
is substantially weaker due to partially canceling radia-
tion fields from the antialigned primary and image-
charge dipoles.) Spectra from the two ends, Figure 3a,
are distinctly different. The air-side transverse mode
(black curve) displays a resonance at ∼550 nm, near
the Au sphere resonance. The scattering spectrum
from the CdS-side (red curve) exhibits a resonance at
∼630 nm, red-shifted due to the higher permittivity of
the CdS. There is also a distinct shoulder at ∼550 nm
associatedwith portions of the rodnot in the immediate
vicinity of the CdS cap. These resonances are explained
by full wave simulations of a similar one-sided Au�CdS
structure lying on a substrate. Grazing incidence
excitation is approximated with light incident in-plane
toward the antenna. The simulated spectra, Figure 3b,
are dominated by two peaks similar to the experimental
spectra. The field distributions associated with each
of these peaks clearly shows the red-shifted mode
(∼630 nm) localized at the CdS side (Figure 3d) and
the unperturbed mode (≈550 nm) primarily associated
with the air side, though there is some intensity near
the CdS (Figure 3c). Also of note is the increased
field strength predicted for the CdS side mode (4.3E0)
compared to the air side mode (3.3E0). The larger field
enhancement at the longer resonance wavelength
is due largely to the smaller value of Im(ε) and field
concentration expected in the higher index dielectric
material. With this groundwork, we will next see how
a symmetry-forbidden gap-localized transversemode is
formed through splitting of the two CdS-side transverse
modes supported on the two arms of a nanogap
antenna into bonding and antibonding modes.

Optical scattering spectra from several nanogap
antennas of varying gap size, acquired under the L-p-T
geometry, are presented in Figure 4a. This geometry
excites the out-of-plane transverse mode with light
incident along the rod axial direction, see inset. These
spectra are dominated by a strong≈580 nm transverse
mode; however, there is a clear shoulder (labeled with
arrows), which shifts red and increases in strength as
gap size is reduced, eventually becoming a substantial
second peak≈800 nm. We attribute this feature to the
lower energy branch of a splitting of the neighboring
CdS-side transverse modes supported on the two
arms of the antenna and accordingly refer to it as a
gap-localized transverse mode. Although this type of
mode has been theoretically predicted,35 we find its
description missing in the literature, even for similar
systems.36 Full wave simulations, Figure 4b�d, support
this interpretation. Simulated spectra for gap sizes that
cover the range measured in Figure 4a are shown in

Figure 4b. These spectra reveal two peaks for large gap
sizes (Figure 4b, black curve), one associated with the
air-side (ends) of the antenna and the other with the
CdS-filled gap. As gap size is reduced, the CdS-gap
transverse mode splits into two modes, labeled γ and
γ* in Figure 4b. Although our experimental results,
broadened by (i) geometric nonidealities, (ii) a possibly
larger value for the imaginary part of the Au permittiv-
ity, and (iii) the grazing rather than perfectly in-plane
angle of incidence do not resolve all of the peaks
predicted by simulation, they do clearly reveal the
red-shifting lower branch of the gap-localized trans-
verse mode, γ*. We believe the high energy branch is
obscured under the dominant and broad transverse

Figure 4. (a) Experimental and (b) simulated scattering
spectra of the out-of-plane transverse mode as a function
of gap size revealing a mode, γ*, which we attribute to the
lower branch of split CdS-side transverse modes. (c and d)
Field profiles for a 100/30/100 nm Au/CdS/Au structure
taken through the y�z plane at midwire, indicating that
the γ* mode consists of antialigned dipoles. Mode splitting
is illustrated in (e) showing the formation of aligned
(bonding) and antialigned (antibonding) modes.
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mode37 at ≈550 nm. Field profiles of γ* are shown in
Figure 4c,d for a gap size of 30 nm and reveal several
critical aspects of this mode. It is highly localized at the
gap interfaces, with field magnitudes reaching ≈4.5E0.
However, more interesting is the fact that the sign of
the field flips between one gap interface and the other,
as shown in Figure 4d. This picture of antialigned
dipoles residing at the gap interfaces lends support to
the hypothesis that this mode is formed through
hybridization of neighboring out-of-plane trans-
verse modes as illustrated in Figure 4e. Mixing of two
transverse modes would yield states of two dipoles
either coaligned (high energy) or antialigned (low
energy).18,38 The lower energy case would shift to even
lower energy with reduced gap, as we observe experi-
mentally and theoretically, and be composed of anti-
aligned dipoles, in agreement with our computational
results. Field profiles for the blue branch, γ (Supporting
Information Figure S4), indicate a mode localized at the
gap and dominated by fields of only one sign, again,
in agreement with our assignment of the γ and γ *
peaks to the high and low energy modes formed
through splitting of the transverse mode localized at
the CdS�Au interface.

An interesting question arises here. For excitation
by a uniform optical field, the antialigned γ* mode
is symmetry-forbidden when excited at a wavelength
much larger than the nanostructure. However, we
consider the incident wavefront approaching the
nanogap antenna end-on. As the excitation wave
propagates along the length of the rod, its phase varies
with distance owing to retardation. Accounting for the
optical index of CdS, the incident light travels ∼0.12λ
across the gap (for 30 nm gap at λ = 625 nm). Although
a small fraction of the total wavelength, this is about
1/4 of the λ/2 needed to optimally excite the anti-
aligned modes. We propose that the phase difference
experienced by the two gap interfaces is sufficient to
excite this symmetry-forbidden gap-localized trans-
versemode. Excitation of higher ordermodes has been
predicted as particle size increases, in part, due to
phase variation across the particle.39 If our proposition
is correct, excitation of this mode should be impossible
with light incident from the transverse direction since
the wavefront's phase would be identical at the two
gap interfaces. Indeed, both theoretical and experi-
mental results confirm this hypothesis. The theoretical
results presented in Figure 5a show scattering cross
sections for a 30 nm gap structure excited in two
geometries. As proposed above, the light incident
along the nanowire axial direction (red) excites the
lower branch, γ*, while transverse incident light (black)
only excites γ. Experimental results, though broadened
to the point of obscuring the γ peak, do verify the
presence (absence) of the γ* feature for the L-p-T
(T-p-T) geometry, Figure 5b. This behavior suggests
a trade-off between the γ�γ* splitting magnitude and

the interaction strength of the γ* mode and the
excitation light field. We have shown that the splitting
increasing with decreased gap size but the ability to
excite this mode, driven by the phase difference at the
two gap interfaces, would diminish with decreasing
gap size. When utilizing such a system, onewould have
to balance the spectral tuning requirements of the
γ* mode while maintaining the ability to optically
couple to it.

Electron Energy Loss Spectroscopy and Imaging. The
theoretical and far-field optical results above paint
an intriguing picture of a gap-localized mode which
red-shifts as gap size decreases. To directly image the
different modes supported on our nanogap antennas,
we EELS on antennas drop cast on a variety of
membrane supports. Importantly for this study, EELS
combines nanoscale spatial resolution with the ability
to excite optically forbidden modes29 such as the
gap-localized transverse mode described above. EELS
has found great utility in imaging plasmonic modes
supported on metal spheres40 and rods,41,42 air-
gapped nanostructures,29 and waveguide structures.43

However, very few reports44 explore hybrid nano-
structures which incorporate high-index dielectrics as
integral components of the structure as we show here.

Candidate antenna structures were first identified
by high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), and then charac-
terized by spectrum imaging of the localized surface
plasmon resonance region of the EEL spectrum, where-
in a loss spectrum is recorded for every image pixel.
After pixel-by-pixel fitting and subtraction of a power-
law background, principal component analysis (PCA)
was applied to the spectrum image data to identify the

Figure 5. (a) Simulated and (b) measured scattering spectra
for probe light incident longitudinal to the nanoantenna
axis (red) and transverse to it (black). These results verify
that the mode, γ*, is only excited when light is incident
along the longitudinal direction,. This is consistent with this
mode being composed of antialigned dipoles. Simulated
spectra are calculated without collection polarization.
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spatial extent of spectrally distinct plasmon resonances.
In PCA as used here, the “principal components” are the
singular value decompositions of a matrix which con-
tains all spectra from the entire field-of-view. A typical
EEL spectral decomposition for a nanogap antenna
is presented in Figure 6a (30 nm thick SiNx membrane,
150 kV accelerating voltage), with three component
modes identified.

Consistentwith the far-field optical scattering results,
EELS analysis reveals the same three strong modes: the
conventional transverse (≈550 nm), the gap-localized
transverse (≈625 nm), and the longitudinal (≈950 nm).
These resonances are slightly bluer than those observed
for nanostructures on ITO/glass, presumably due to the
weaker dielectric environment associated with the thin
TEM supports used for EELS. For the sample set here

(diameters from ≈65 to 80 nm and single arm lengths
from ≈100 to 130 nm), the spectral position of the
conventional transverse mode is only weakly depen-
dent on geometry, while the longitudinal mode is
shown to vary from∼850 to 1000 nm. These behaviors
are qualitatively consistent amongnine nanogap anten-
nas (remainder of the data sets presented in Supporting
Information, Figure S5). Spatial maps constructed
from the principal component basis-set are shown in
Figure 6b, along with a HAADF-STEM image. To gener-
ate each component image, pixel intensity is given by
the weighting value associated with that particular
component spectrum. The first of the three EELS images
(associated with blue curve in Figure 6a) shows a
conventional transverse mode along the outer surface
of the antenna arms. The second mode (symmetry-
forbidden gap-localized transverse mode, associated
with the black curve) is primarily localized in the gap,
and the final component (longitudinalmode, associated
with the redcurve) is strongest at the antennaends,with
some intensity at the gap as well. As a comparison,
images of local in-plane electric fields of similar
structures generated by full wave finite-difference
time-domain (FDTD) simulations of optically excited
modes are shown in Figure 6c. The spatial distribution
of the modes predicted from simulation match well
with the experimental images in Figure 6b, and indicate
consistency between the optical dark-field and EELS
results. Furthermore, these EELS results provide direct
experimental evidence that the mode assigned as the
gap-localized transverse mode, based on dark-field
optical results, is indeed localized in the gap region
(black curve in Figure 6a and black framed image in
Figure 6b). In comparing the component spectra, we
note some spatial and spectral overlap betweenmodes.
For instance, the conventional transverse mode (blue)
contains a peak in the vicinity of the longitudinal mode
(≈950 nm) and the longitudinal mode (red) contains
a small contribution associated with the gap-localized
transverse mode (≈620 nm). These convolutions
occur as a result of the spatially neutral treatment of
spectra with PCA. As shown in the theoretical results of
Figure 6c, the conventional transverse andgap-localized
transverse modes both have some intensity at the
antenna arm exterior near the gap. Without spatial
constraints, PCA will not spectrally distinguish modes
which reside at the same spatial location. The same is
true for the longitudinalmode,which has some intensity
in the gap causing colocalization between the long-
itudinal and gap-localized transverse modes. But even
without spatial constraints, PCA of the EELS data sets
reveal the spatial extent of specific modes on loaded
nanogap antennas.

We also conducted EELS experiments using lacey
carbon substrates and a larger (300 keV) primary beam
energy. A typical data set is presented in Figure 7a,b.
These results are entirely consistent with those

Figure 6. (a) Component spectra extracted fromEEL spectra
of antenna on SiNx membrane and 150 kV accelerating
voltage revealing three dominant modes which we assign
to conventional transverse (blue), gap-localized transverse
(black), and longitudinal (red) modes. (b) Images produced
from the principal component spectra in (a) as well as a TEM
image of the nanogap antenna show the spatial distribu-
tion of each mode. (c) FDTD optical simulations showing
|E| profiles associated with the three modes for a 110/30/
110 nmAu/CdS/Au structure plotted on a logarithmic scale.
These simulated profiles correlate well with the experimen-
tal images of (b).
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presented in Figure 6 (three primary components
associated with the conventional transverse, gap-
localized transverse, and longitudinal modes), and
demonstrate the robustness of the results with respect
to substrate choice and accelerating voltage, despite
the smaller electron�plasmon interaction cross sec-
tion expected at the higher beam voltage.45 As in the
DF optical investigation, the EELS resonance attributed
to the gap-localized transverse mode shifts from
antenna to antenna. To test if gap-size is responsible,
as was found in the far-field optical results (Figure 4),
we plot in Figure 7c the peak position of the gap-
localized transverse mode (i.e., the black spectrum in

Figure 7a) as a function of the gap size measured as
described in Methods. A clear correlation between gap
size and gap-localized transverse mode position is
evident, with this mode shifting red (from λ ≈ 600 to
820 nm) as the gap size decreased (from≈53 to 24 nm).
This indicates the gap-localized transverse mode is
sensitive to interaction between the two neighboring
gap interfaces and reinforces our claim that it arises
due to hybridization of transverse modes separated by
a dielectric. There is a single outlying data point
associated with an antenna whose gap exhibits a large
protrusion (see detail in Figure S5d). Correlation be-
tween gap size and gap-localized transverse mode
position is further supported by noting the simulation
results (red symbols and line). The simulated spectra
used to generate these spectral positions is included in
the Supporting Information (Figure S6a). Lastly, we
note our simulations predict that the gap-localized
transverse mode disappears when the CdS gap
material is replaced by air for gaps larger than
≈10 nm (see Supporting Information Figure S6b). This
further strengthens our claim that the gap-localized
transverse mode we observe arises due to coupling
between transverse modes supported on adjacent
antenna arms, which would be enhanced for larger
gap dielectric constants.46

CONCLUSION

Through the combination of far-field optical micro-
scopy and electron energy-loss spectroscopy and ima-
ging, we have spectrally and spatially characterized the
optical resonances supported on loaded nanogap
antennas. We identify a “dark” mode, forbidden in
the dipole approximation, which arises from a hybridi-
zation between two transverse modes supported on
each arm of the antenna. This gap-localized transverse

mode is confined to the gap load, enabling (i) delivery
of substantial energy to the gap material and (ii) the
possibility of tuning the antenna resonant-wavelength
via active modulation of the gap material's optical
properties. This mode is sensitive to both the gap
geometry (tuning red with decreased gap size) and
gap dielectric response (the mode effectively disap-
pears for an air-gap structure). Hybrid nanostructures
consisting of plasmonic and semiconducting compo-
nents, such as those discussed here, have potential for
active resonators and for multifunctional applications
such as plasmonically enhanced catalysis or nonlinear
optical processes, but only after spectral and spatial
modal profiles are understood and controlled.

METHODS

Material Synthesis. Nanogap antennas were prepared by
templated electrochemical deposition of Au and CdS. Details
are presented elsewhere,47 but briefly, nickel-backed anodized

alumina (AAO) templateswere immersed in a 3-electrode electro-
chemical cell filled with the appropriate deposition solution.
Galvanostatic electrodeposition of sacrificial Ni was followed by
that of the active structure consisting of Au, CdS, and finally Au.

Figure 7. (a) Component spectra extracted from EELS data
for antenna on lacy carbon support acquired at 300 kV
accelerating voltage and (b) images produced from the
principal component spectra in (a) as well as a TEM image
of the nanogap antenna. (c) Spectral center of gap-localized
transverse mode (blue) extracted from EELS data as a func-
tion of gap size showingmodal red-shiftwith decreasedgap.
Simulated mode position is also presented (red).
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After each layer is deposited into the porous template, the cell is
emptied, rinsed, and refilled with the next deposition solution.30

Deposition solutions were Technic, Inc.'s Orotemp24 with 0.5%
TritonX405 surfactant forAuand55mMCdCl2, 190mMelemental
S, and 0.5 vol % TritonX405 in dimethyl sulfoxide for CdS. This
procedure results in Au/CdS/Au heterostructures with nominal
lengths of 110/30/110 nm for the respective Au/CdS/Au regions
with a diametermeasured tobe73( 5 nmasdefined by theAAO
template. TEM imaging and electron diffraction was used to
identify the gap material as CdS.47 As-deposited structures resid-
ing in the deposition template are pictured in Figure 1a. The Ni
backing was selectively etched in hydrochloric acid, and then the
templatewas removed viawet etching (1MNaOH) and thewires
were washed three times in DI H2O and finally suspended in 1:1
H2O/isopropyl alcohol. Nanogap antennas were then drop-dried
from solution onto ITO-coated coverslips (Figure 1b) for dark-field
measurements and various TEM supports (lacy carbon, electron-
transparent SiNx and Si membranes). Antennas were located
and imaged via scanning electron microscopy before optical
measurements to verify structure geometry.

Optical Spectroscopy. Dark-field (DF) imaging and spectrosco-
py were carried out on a modified inverted microscope with a
commercial DF objective (Nikon, 100�, 0.9 numerical aperture)
that directed the incident halogen light-source onto the
sample at glancing 79� relative to normal and collected light
scattered at 0�64� relative to normal. Spectra and micrographs
were recorded with an imaging spectrometer (Acton Spectra-
Pro 2300) equipped with a switchable mirror (for images) and
grating (for spectra). Sensitivity was enhanced by attaching the
spectrometer directly to a side port of the microscope and by
using a thermoelectrically cooled electron-multiplying charge-
coupled device (Andor Newton 971). The incident wavevector, k,
of the light was restricted with a mask placed in the illumination
path, and both incident and collected light were polarization-
controlled. As illustrated in Figure 2a�c, we notate the scattering
geometry by using a three-term shorthand, for example (T-s-L),
to convey, in order, the incident k-direction, excitation orienta-
tion, and collected polarization. T and L stand for transverse and
longitudinal with respect to the antenna long axis and s or p
indication in-plane or out-of-plane excitation polarization. For
instance, (T-s-L) indicates a k vector transverse to the antenna,
excitation polarization in-plane, and collection polarization
oriented longitudinal with respect to the nanogap antenna axial
direction. All dark-field spectral data presented include the raw
data (dots) and data smoothed via a Savitsky�Golay algorithm
(solid curves of the same color).

Electron Energy Loss Spectroscopy and Imaging. High resolution
spatial profiles of the resonant modes of the antennae were
acquired using electron energy loss (EEL) spectroscopy and
imagingwith a FEI Titan, spherical-aberration corrected scanning
transmission electron microscope (STEM) with a monochro-
mated source (150 meV full-width half-max zero-loss peak in
vacuum, using 13 mrad). Samples were sonicated into solution
and drop cast on SiOx, carbon, and SiNx support films. Following
identification of candidate structures by high- angle annular
dark-field (HAADF) STEM imaging, EELS images were acquired
pixel-by-pixel (with 2 nm pixel size). Postprocessing of the EEL
spectra included (i) centering each spectrum on its zero-loss-
peak (ZLP) maximum, (ii) fitting and subtracting a power law
background function to energy regions below and above the
region of spectral interest, (iii) removing the zero-loss peak, and
finally running a principal component analysis (PCA) to identify
themost prominent resonantmodes. PCAwas carried out on the
subtracted spectral data without spatial weighting constraints.
Principal components are identified by finding the intersection
of an exponential fit to the maximum value in the first several
component spectra and a linear fit to the slowly decaying
values of the higher order component spectra. Resonances
whose centers overlap spectrally to within the full-width, half-
maximum energy of the zero-loss peak are combined. Gap size
was measured with the Matlab software package as follows.
Dark-field TEM images were thresholded enabling automated
locating of gap interfaces. Averages and standard deviations
were generated by measuring gap distance for ≈100 positions
along the interface.

Simulation. Full wave simulations of the nanogap antennas
lying on a 90 nm ITO layer on glass substrate were carried
out using a commercial finite-difference time-domain (FDTD)
software package provided by Lumerical. The calculations were
performed using the total-field scattered-field (TFSF) source.
The geometry of the DF optical experiments was closely
approximated by directing the incident light parallel to the
substrate either along or perpendicular to the antenna axis.
All electric field magnitudes are normalized to that of the
incident plane wave. Incident polarization was limited to be
in-plane or out-of-plane and no analyzer polarization was
applied. The mesh pitch around the antennas was set to
1 nm. To enable the excitation with the TFSF source parallel
to the substrate, the antenna structure and the substrate are
separated by a vacuum gap of 4 nm.48 This is needed because
the boundaries of the TFSF region perpendicular to the incident
field must be in the same material, and no monitors can cross
the TFSF boundaries. By also performing the simulations in the
geometry with normal incidence, we find that the required
separation between the substrate and the antenna causes a
small blue shift of≈5 nm for the transversemode. The scattered
intensity above the substrate was recorded with a field monitor
without polarization analysis, and the collection cone of the
microscope objective was approximately modeled by adjusting
the lateral extent of the monitor so that a similar light cone
can be collected. In almost all cases, the total scattering cross
section displayed a very similar behavior. The red shift of the
peak of the scattering cross section from the peak of the
extinction cross section was found to be no larger than 10 nm
in nearly all cases.49,50 The field profiles around the antennas
were also monitored at the wavelengths corresponding to the
peaks of the scattering spectra. The simulations were repeated
for the case without a substrate, and a blue shift of≈20 nmwas
observed for the transverse mode.
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