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ABSTRACT A nanoplasmonic “transceiver” was assembled to examine the efficiency of coupled plasmonic antennas and their
resonance interactions. In particular, plasmonic focusing receiver antenna coupled to transmitting annular antenna having a short
central plasmonic wire was measured. The receiver collected incoming radially polarized light and efficiently focused and coupled it
to a rear side transmitter comprised of a short resonant plasmonic wire and annular aperture. Transmission spectra exhibited a
substantial signature of the wire Fabry—Perot resonances. The wire antenna crossection was improved by nearly 3 orders of magnitude

by the focusing antenna system.
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here is an increasing interest in the manipulation of

light-matter interaction on the nanoscale, promising

a large variety of applications. The significant progress
in this field is enabled by the fast development in nanometer
processing techniques, such as electron-beam and ion-beam
lithography, allowing fabrication of high quality metal nano-
structures.'

To cause an efficient interaction with light on the nano-
scale, one has to confine the electromagnetic field much
beyond its free-space wavelength. While conventional di-
electric structures are incapable of supporting optical fields
much below a half-wavelength cube volume, metallic struc-
tures at visible and near-infrared (NIR) regimes, having
negative electrical-permittivity, do not exhibit such a limita-
tion.? Metal substances may support unique modes called
surface plasmons polaritons (SPPs)>* which may be guided
by waveguides® or localized by either single nanometric
particles®” or coupled nanometric particles® in the subwave-
length regime. Efficient focusing of SPPs is significant for
nanoscale interactions and it was proposed and demon-
strated in a variety of configurations, such as adiabatic
conical metal rod,” and tapered'®”'? or abrupt imped-
ance matched metal/insulator/metal (MIM) plasmonic wave-
guides.'? Several configurations of plasmon focusing in two-
dimensions were demonstrated: by carefully organized
particles on a surface,'*'* by spatial gratings,'® or by circular
grooves within metal films,'”"'® preferably excited by radi-
ally polarized light.'®*° This nanoconfinement leads to a
local field enhancement, sufficient to improve non-
linearities,?'*? to increase a radiation efficiency of quantum
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emitters, and to play a key role for nanolasers.
Organized in ordered arrays or nanoclusters, plasmonic
particles may serve asbuildingblocks of artificial materials®®>°
or efficient sensors,”® while on-demand excitation of a
nanosized particle by micrometer-sized optical wave is
possible with careful engineering of an optical pulse.”’
Here we demonstrate a plasmonic antenna that collects
light from free space to be focused and captured in its near
field, where an object of interest may be located. In our case
another nanoantenna, a that which is a part of a transmitting
antenna, is the object of interest. While a related configura-
tion was recently examined theoretically in the context of
near-field enhancement,’® here we perform scattering ex-
periments (far-field measurements) to study the efficiency
and coupling of resonances in the combined antenna struc-

—Transmitter

FIGURE 1. Experimental sample: plasmonic wire grown at the center
of the etched circular slit. Right inset: scheme of coupled antennas
action. Left inset: zoom on the antenna region.
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Element Wt % At % K-Ratio Z A F
C K 26.83 74.65 0.2268 1.4013 0.6030 1.0000
0 K 6.75 14.09 0.0573 1.3923 0.6099 1.0000
AuM 66.42 11.27 0.4733 0.6985 1.0201 1.0000
Total 100.00 100.00

Element Net Inte. Bkgd Inte. Inte. Error P/B
CK 585.95 18.99 0.43 30.86
0 K 230.11 37.40 0.76 6.15
AuM 322.44 60.17 0.65 5.36
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FIGURE 2. Material composition of the deposited wire, measured by EDX spectroscopy.
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FIGURE 3. Measurement setup. A tunable NIR laser is radially polarized before impinging on the sample. Reflection path verifies “center of
the beam on center of the sample” alignment. The transmitted light is collected and detected by a large-area InGaAs detector in a lock-in
scheme. Inset: IR-camera image of “long” antenna sample focused at antenna plane.

ture. The structure is comprised of a receiving focusing
plasmonic antenna (ring shaped), that converts the incoming
beam to focused cylindrical plasmons on the rear side, which
are subsequently coupled to a short vertical wire that assists
in retransmitting to the far field (Figure 1).

The devices were fabricated by a two-step process at the
same chamber. First, the circular ring was etched using
focused ion beam (FIB) with a precise control over its
dimensions. Subsequently, gold wires of different sizes were
grown on the center of the ring by means of low current
electron beam-assisted local deposition of Au from gas phase
precursor. The deposition of Au by this process always
results in some carbon contamination (usually substantial)
that modifies the optical property of the Au wire, mainly
reducing its high negative dielectric constant. Thus an
energy-dispersive X-ray spectroscopy (EDX) was performed
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to the Au wire, (Figure 2) confirming that a large percentage
of carbon is diluting the deposited Au wire. These quantita-
tive results were used to predict the actual permittivity of
the wire.

Transmission spectra of the samples were measured
using a tunable NIR laser (1510—1630 nm) having a radial
polarization (radial polarizer was implemented by subwave-
length grating on silicon). The radially polarized light was
focused by a microscope objective on the center of the
plasmonic receiving annular antenna via the glass substrate
(verified by reflection path, Figure 3) and was collected on
the output port by another high numerical aperture objec-
tive. The input light was chopped and the output was
detected by a large-area InGaAs detector, engaged in a lock-
in scheme (Figure 3). The IR-camera image taken from the
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FIGURE 4. Transmission enhancement of the samples with wires,
transmitter side in air, normalized by the ring antenna transmission.
Measurement and theoretical fit of the following: long wire, solid
blue line and dashed blue line; medium wire, solid red and red
circles; and short wire, solid black and dashed-dotted black.

focusing on the antenna plane is presented in the figure
inset, exhibiting the hotspot in the center.

The first set of experiments was performed when the
plasmonic wire is embedded in air. The spectral transmis-
sion results are depicted in Figure 4. The transmission
spectrum for the same receiving configuration and varying
wire antenna dimensions was normalized by the spectral
transmission of the ring antenna, which assisted also in
elimination of the spectral response of the measurement
system. The most significant signature in the transmission
spectrum was recorded for the longest antenna, showing
~30% enhancement, indicating 3 orders of magnitude
enhancement of the wire antenna cross section, estimated
by the ratio of geometrical dimensions of the receiver ring
and the wire as a stand-alone antenna. This effective cross
section enhancement is of the same order of magnitude as
for rigorously calculated “particle above a surface” struc-
tures”® and exceeds significantly experimental results re-
ported on single particles.’* Since the resonance of the wire
should be dependent on the embedding media, a second set
of similar experiments were performed with the same
devices after embedding the wire (the transmission region)
in polyamide. The transmission peaks were blue shifted
(Figure 5) (as predicted by simulations) and similar values
of ~30% peak transmission enhancement were observed.

The finite element method (FEM) was used to compre-
hend the measured data and to fit it with the theoretical
predictions. Circular symmetry of the structure was ex-
ploited for reduction of the computation complexity, allow-
ing denser grid and enhanced accuracy. The dielectric
property of the antennas was adjusted according to the
dilution values of the Au by carbon as extracted from the
X-rays spectroscopic data and by employing the effective
index model. The best fit was achieved for ¢ ~ —18 + 2j.
Total transmitted power was evaluated by integration of the
far field power over the relevant boundaries and presented
as a function of the wavelength. The normalization was
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FIGURE 5. Transmission enhancement of the samples with wires,
transmitter side covered by polyamide, normalized by the ring
antenna transmission. Measurement and theoretical fit of the
following: long wire, solid blue line and dashed blue line; medium
wire, solid red and red circles; short wire, solid black and dashed-
dotted black.

performed as it was done for the experimental data. A good
fit to all sets of measurements was obtained by the model.
The spectral peaks for the dielectrically embedded wire
antenna, although located at the same wavelengths as
recorded in the experiments, are narrower for the simula-
tion, probably due to polymer layer. Polyamide, exhibited
by stress induced striations, which are close enough to the
metal tip to cause loss to the Fabry—Perot resonator, results
in the broadening. Simulations, approximating this phenom-
enon to the first order by replacing the random scattering
loss of the polyamide surface by distributed homogeneous
loss of this layer (~1% loss), verify this hypothesis. The
transmission peaks correspond to the first Fabry—Perot
resonances of the plasmonic wire antenna®® that were
recently calculated in ref 32.

A third set of experiments was performed to emphasize
the unique role of the wire as part of the transmitting
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FIGURE 6. Transmission enhancement of the long wire sample of
Figure 5. Measurement (solid) and theoretical fit (dashed) of excited
from the receiving side “below” (as in Figure 5) and (green line) excited
from transmitting side “above”. Insets: schemes of below and above
scenarios.
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FIGURE 7. FEM simulation of power flow for the sample with the long wire of Figure 5 at the wire resonance wavelength of 1580 nm. (a)
Annular receiving transmitting antennas, (b) adding the central wire, (c) distribution of the power difference.

antenna. When the excitation direction was flipped, the wire
antenna became a part of the receiving antenna, which is
contrary to the previous experiments. The normalized trans-
mission was measured again and compared to the previous
results (of polyamide-covered samples) in Figure 6, showing
that when the wire is engaged within the receiving focusing
antenna its contribution to the reception is minimal. This
nonsymmetrical operation may be explained by the follow-
ing: the regular excitation (top-left inset of Figure 6) creates
SPP within the circular slit, which were efficiently converted
to rear-side in-plane surface waves by a 90° coupling. These
SPPs converge to the center'® and excite the wire. On
resonance, the wire is becoming an effective secondary
source which reemits diverging plasmonic waves; the latter
are partially radiated from the annular slit, thus contributing
additional portion from the near field to the far field. It can
be seen from the power distributions and their difference
plots in Figure 7 that the extra power is not radiated directly
from the wire, but rather from the ring, preserving the same
radiation pattern but with enhanced efficiency. On the other
hand, in the flipped excitation (bottom-right inset of Figure
6), the wire antenna in the center of the input donut-shaped
radially polarized beam has an insignificant interaction with
the impinging field, thus not changing the transmittance of
the ring shape antenna. This nonsymmetrical operation is
actually not related to formal nonreciprocal operation; if the
scattered field is reversed in time the exciting field is
expected to appear at the output (neglecting the systems’
loss). However, for many practical applications this non-
symmetrical operation is interesting by itself; in plasmonics,
a number of devices with unidirectional operation were
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demonstrated,’®>” including emission unidirectionality®®

and dielectric systems with gain.>”

In conclusion, we showed the response of a tandem
plasmonic nanoantenna assembly by measurements of the
far field spectral response of the coupled structure. Although
having a very small nominal aperture, the plasmonic wire
has a significant signature and enhancement in the far field,
which amounts to almost 3 orders of magnitude of crossec-
tion enhancement. The results are in good agreement with
FEM numerical experiment with a reduced value of Au
permittivity due to carbon dilution. The tandem approach
may be very useful for excitation by a macroscopic beam
of a single nanoantenna which is a challenging task. Com-
monly, arrays of antennas are used to increase overall
scattering crossection. Moreover, since the receiver dimen-
sions do not have to be directly related to the excitation
wavelength, the tandem may in principle be relatively small.
All the above advantages may bring this concept to be very
useful for biosensing, nonlinear elements, optical isolators,
metamaterials building blocks, nanolithography, optically
assisted magnetic memories, more efficient collection and
transmission mode NSOM, and apertureless near-field
instruments.
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