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ABSTRACT: Optical nanoantennas have been studied as a
means to manipulate nanoscale fields, local field enhance-
ments, radiative rates, and emissive directional control.
However, a fundamental function of antennas, the transfer of
power between a coupled load and far-field radiation, has seen
limited development in optical antennas owing largely to the
inherent challenges of extracting impedance parameters from
fabricated designs. As the transitional element between
radiating fields and loads, the impedance is the requisite
information for describing, and designing optimally, both
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emissive (transmitting) and absorptive (receiving) nanoantennas. Here we present the first measurement of an optical
nanoantenna input impedance, demonstrating impedance multiplication in folded dipoles at infrared frequencies. This
quantification of optical antenna impedance provides the long sought enabling step for a systematic approach to improve
collection efficiencies and control of the overall antenna response.
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dvancements in nanofabrication, complemented by a

better understanding of light—matter interactions, have
led to the development of optical nanoantennas; antennas that
exhibit an optical response that enables applications, including
surface-enhanced vibrational spectroscopy, nanophotonic
phased arrays, imaging, optical communications, and optical
metamaterials/metasurfaces.'~ Antennas provide a transition
between unbounded, radiating electromagnetic fields and the
confined local fields associated with the load to the antenna.
The load represents systems connected to the antenna
terminals, whether for excitation (transmission) or for
collection (receiving). A design goal for efficient antenna
application is maximal power transfer between the antenna and
the load. While certain coupled systems are well-suited to a
quantum-optics density-of-states description, an impedance-
based approach is applicable.”” Impedance, corresponding to
an equivalent circuit representation, is a convenient way to
describe the interaction between antenna impedance, Z,, and
the load impedance, Z;. It is well-known from antenna theory
that impedance matching between the load and the antenna, Z;,
= Z,*, corresponds to maximum power transfer.

The significance of the concept of optical antenna impedance
is well-established. By defining optical antenna impedance in
terms of optical concepts such as local density of states and
decay rates, the coupling between the nanoantenna and a
quantum emitter can be described.® The optical nanocircuit
loading effects on radiation and impedance in optical antennas
can be formulated, based on circuit theory and numerical
simulations.'’™"* Impedance matching properties have been
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indirectly inferred when describing coupling between optical
antennas and waveguides'*™"” as well as through enhanced
scattering intensity.1 However, to the best of our knowledge, a
direct measurement and quantification of the impedance of an
optical nanoantenna has not yet been performed.

In radiofrequency (RF) operation Ohmic losses in the
antenna are often neglected. However, for optical applications,
metals have 3 orders of magnitude lower conductivity and,
therefore, give rise to large dissipated power, which can exceed
the radiated power. In the impedance description, dissipative
losses and radiation losses are represented by Ohmic resistance
and radiation resistance, respectively. The sum of both is the
total input resistance of the antenna corresponding to the real
part of the complex input impedance. At resonance the
imaginary part of the antenna impedance, that is, the input
reactance, is equal to zero. Maximal power transfer requires
conjugate matching of antenna and load. Radiation resistance
must dominate the antenna impedance in order to overcome
the Ohmic dissipation in the antenna. With the large Ohmic
loss, this means that radiation efficiency improves as the
antenna resistance increases such that radiation becomes the
dominant power. This represents a significant deviation from
classical antenna design, yet it is a critical requirement for
efficient power transfer at optical frequencies.

Folded dipoles for RF applications, designed at the short-
circuit resonance, provide a convenient impedance match to
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simple transmission lines while maintaining well-behaved
directional radiation characteristics."® Further, the folded design
provides a mechanism for increasing the antenna input
impedance, often known as impedance multiplication, through
the addition of multiple folded arms. Nanoantenna folded
dipoles have been studied through theoretical analysis and
simulation, predicting that both the short-circuit and open-
circuit terminations provide good radiation characteristics and
efficiency.”

Here, in order to overcome the limitations of Ohmic loss and
to control the antenna impedance in the optical and infrared
spectrum, we study several variants of folded dipole antennas:
(1) single-folded dipole, (2) single-folded dipole with a stub,
(3) double-folded dipole, and (4) triple-folded dipole. The
single-folded antenna is the traditional folded dipole design,
while the folded dipole with a stub is a variation incorporating
an open-circuit coplanar strip line (CPS) stub that transforms
to a short-circuit in the antenna arm at operational frequencies
while providing electrical isolation for low-frequency load
biasing as is often required for detector/sensor applications.
With the practical need to achieve optimum antenna efficiency,
we determine both short-circuit and open-circuit resonance
impedances. Multiple folds are considered at the short-circuit
resonance, in order to demonstrate impedance multiplication.

As illustrated in Figure 1, our experiments are performed
with the antenna under test (AUT) loading a dipole-coupled
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Figure 1. Schematic of s-SNOM measurement apparatus.

CPS. The structures are composed of gold and were fabricated
on a benzo-cyclobutene (BCB) polymer standoff layer over an
aluminum ground plane. The structures were designed for mid-
infrared ~10.6 um (28.3 THz) radiation so that infrared
illumination, copolarized with the dipole antenna, couples to a
propagating wave on the transmission line. We then use
scattering-type scanning near-field optical microscopy (s-
SNOM), as established previously,” ™ to measure the
superposition of the waves emanating from both the dipole
antenna and the folded dipole antenna along the CPS
transmission line. More specifically, reflection of the propagat-
ing optical wave upon the load at the terminals of the CPS
results in a standing wave, where the associated surface-normal |
E,| near-field component is measured using s-SNOM. By fitting
the superposition of the standing wave to the measured near-
field amplitude and then determining the complex reflection
coefficient, the folded dipole antenna impedance is obtained.
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The topography (SEM image) and measured near-field
amplitude signal can be seen for the dipole-coupled CPS loaded
with a single-folded dipole antenna in Figure 2a,b, and a folded
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Figure 2. SEM image of the antenna coupled CPS with (a) a folded
dipole antenna and (f) a folded dipole antenna with a stub for DC
isolation, where conductor 1 is on the right side and conductor 2 is on
the left side. Experimental near-field images show the amplitude signal
along the CPS with (b) a folded dipole antenna and (g) a folded
dipole with a stub designed at the short-circuit resonance.
Experimental near-field results show surface wave with phase variation
on the CPS with (c) a folded dipole and (h) a folded dipole with a
stub at open-circuit resonance. (d, i) Analytical fitting to the
corresponding measured amplitude signals. (e, j) Analytical fitting to
the corresponding measured data with phase variation.

dipole antenna with a stub in Figure 2f,g at their short-circuit
resonances. The magnitude of the vertical |E;| is found by
Re(E,) = |Ey| cos(@;,), where |E,| is the near-field amplitude
and @y is the phase.m27 The near-field amplitude signal |E,| in
this measurement configuration can be observed in the line
scan plots in Figure 2d,i, showing the standing wave along the
CPS transmission line. In order to visualize the distribution of
the surface near-field phase variation at the open-circuit
resonance at A = 10.6 ym, @, is shown in Figure 2¢h. The
corresponding open-circuit model line scan analysis along the
CPS lines are shown in Figure 2ej. We also investigate the
impedance multiplication for the IR antenna at the short-circuit
resonance by using near-field measurements. In Figure 3a,c, the
SEM images are shown for the double- and triple-folded dipole
antennas designed at the short-circuit resonance. The
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Figure 3. SEM images of (a) double-folded dipole antenna and (c)
triple-folded dipole antenna. Measured s-SNOM signals along CPS for
(b) double-folded dipole antenna and (d) triple-folded dipole antenna.

corresponding near-field amplitude |E,| along the conductors
are presented in Figure 3b,d.

The magnitude of E, along the transmission line represents a
standing wave, which results from the interference of optical
wave coupling into the CPS from the dipole antenna end and
the load antenna end. This superposition is described by a
geometric-series expansion to account for all the reflections at
the impedance mismatched loads (eq 4, Supporting Informa-
tion). A nonlinear fitting algorithm that minimized the sum of
squares errors was applied to the measured s-SNOM signal line
traces, as shown in Figure 2d,I for the folded dipole with and
without a stub at the short-circuit resonance and Figure 2e,j for
the open-circuit resonance. Note that the red data points in
Figure 2d,I represent the variation of the near-field amplitude
signal along the length of the CPS, averaged about the width of
the CPS, contained within the white box shown in Figure 2b
and g, respectively. The impedance of the AUT can be
determined from the reflection expression (eq 7, Supporting
Information). There is a slight asymmetry in the s-SNOM
signal, especially in regard to the location of the nodes, as seen
in Figures 2 and 3, which is attributed to the tilting of the
orientation of the structure with respect to the incident beam.
One can also see that the fit deviates slightly from the measured
data near the ends of the CPS. This deviation is because the
analytical expression assumes an abrupt termination at each
terminal of the transmission line, while in the real fabrication
and measurement both the dipole antenna and the folded
dipoles provide field continuity at the physical connection with
the CPS. The resulting experimental values including estimates
of their uncertainties based on the above considerations, are
summarized in Table 1.

As seen in Table 1, the impedance prediction for the folded
dipole antennas with and without a stub at both the short-
circuit resonance and open-circuit resonance from simulation
and measurement are in good agreement. The simulated input
impedance is computed by directly exciting the antenna at the
feed gap in a driven model from Ansys HFSS (Supporting
Information, Numerical Method of driven model), while
measured results are extracted from near-fields, as described
above. For comparison, simulations of a single gold dipole of
similar line width predict input impedances of 83.5 Q (free
space), 73.5 Q (BCB half-space substrate), and 54.6 Q (BCB
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Table 1. Impedance Comparison between Measurement and
Simulation Results for the Folded Dipole Antenna with and
without a Stub and Multi-Element Folded Dipole Antenna

- Short-circuit resonance Open-circuit resonance

Experiment (kQ) Simulation (kQ) Experiment (kQ) Simulation (k)
11019320010 0189 067940034 0.667
o 0.178£0.009 0.175  0.653+0.033 0.639
i
:J 0.264 £ 0.013 0.270 - -
11020040029 0334 - -

substrate on Al ground plane). The input impedance values of
the multielement folded dipole antennas are also listed in Table
1 in comparison with those of the single-folded dipole
antennas. Note that the increase of the input impedance for
the triple-folded dipole compared to the double-folded dipole is
much smaller than the difference between the single-folded and
double-folded dipole antenna which can be attributed to the IR
metal loss and the increased electrical width of the folded
structure.

The differences between simulation and measured impe-
dance values is due to the aforementioned deviation in the
analytical fitting of the measured data. Another factor is small
but unavoidable perturbations of the antenna near-field through
the s-SNOM tip. Also, with increasing structural complexity of
the antennas with increasing number of folds, the fabrication
imperfections in length and width are compounded and may
account for some of the corresponding increase in deviation
between experiment and theory. However, except for the triple-
folded, which is the most complex geometry investigated, all
experimental values are within their uncertainties well predicted
by the simulations, with in part excellent agreement, especially
for the simpler geometries.

An impedance-based description of optical nanoantenna/
load interactions provides a convenient framework for design
and characterization. Coupling between two-level systems and
optical antennas has been described through circuit theory.®
Lumped element nanocircuit descrigtions for specific canonical
structures such as nanospheres,'”"" nanorods,”® split-ring
resonators,””*° and flat metallic surface plasmons31 have been
reported. For simple geometries it is possible to use analytical
models to predict impedance. However, a pragmatic approach
to the design of impedance-matched optical nanoantennas/
loads is contingent on the ability to experimentally assess
impedance of arbitrary loads and nanoantennas.

Here we have, for the first time, presented the experimental
determination of optical nanoantenna impedance. Empirical
demonstration of impedance multiplication in folded dipole
nanoantennas reveals the feasibility of impedance tuning in
optical nanoantennas. The targeted increase in input
impedance provides a means of overcoming metallic losses
such that the interaction between radiative resistance and load
is the dominant coupling mechanism. The experimental
techniques that are presented are applicable to arbitrary
antenna designs and loads so that the design space is not
constrained, therefore complex geometries and impedance
matching networks are attainable.
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In summary, through the excitation of stable standing waves
on transmission line coupled antennas, we have achieved a
systematic way to determine the impedance values of optical
and infrared antennas through near-field imaging and analysis.
To the best of our knowledge, this represents the first direct
realization of an input impedance measurement at optical
frequencies. Both open and short-circuit resonances, as well as
multielement antennas, have been investigated to present a
blueprint for maximizing collection efficiency and flexibly
controlling nanoantenna impedance through design as a means
of achieving maximum power transfer through impedance
matching. This work provides a requisite step toward extending
all theoretical concepts of optical and infrared nanoantennas
into practical applications by demonstrating the measurement
of well-controlled input impedance in optical nanoantennas.

B METHODS

Sample Fabrication. The folded CPS structures (with and
without a stub) were composed of gold and were fabricated on
an aluminum ground plane with benzo-cyclobutene (BCB)
polymer (Dow Cyclotene 3022—35 resin) used as the standoff
layer. Briefly, the ground plane was formed by depositing 150
nm of aluminum onto a cleaned silicon wafer using e-beam
evaporation. Next, a 1.2 um thick BCB layer was deposited by
spin coating the resin onto the sample, then a hard cure was
done in a nitrogen environment. The structures were patterned
in poly(methyl methacrylate) (PMMA) resist using e-beam
lithography, which was followed by development of this resist,
metallization, and lift-off using Remover PG to yield 110 nm
thick structures. The conductors of the CPS are S ym long, 220
nm wide, and are separated by 110 nm.

Near-Field Microscopy Set-up. Near-field measurements
were performed utilizing a custom-built s-SNOM, which
operates utilizing a homodyne detection scheme. The instru-
ment has a layout as shown in Figure 1, and a CO, laser
operating at a wavelength of 10.6 yum was used as the source
and is directed toward a 50/50 beam splitter (BS). A portion of
the s-polarized incident beam is then reflected toward the
sample while a comparable fraction is directed into a reference
path. The reflected beam is focused onto the sample on the
AFM stage at an angle of 60° off-normal using an off-axis
parabolic reflector (OAP), which excites the structures of
interest. The AFM, operating under tapping mode at 240—280
kHz, scatters predominantly p-polarized light from these
excited near-flelds back toward the beam splitter. The other
portion of the incident beam at the beam splitter is directed
toward a reference mirror (RM) in the reference path where it
passes through a quarter wave plate (QWP). Then, this
reference beam is reflected back toward the beam splitter where
it is combined with the scattered near-field radiation. The
interferometric homodyne signal mainly corresponding to the
E, field is measured by a liquid nitrogen cooled Mercury
Cadmium Telluride (MCT) detector. A lock-in amplifier is
used to measure the signal at the second harmonic of the tip
oscillation. Wire grid polarizers (WG) are utilized to enable
cross polarized excitation and detection. In a region of interest,
AFM scans are made at different reference mirror positions. A
cosine function is fit point-by-point across these images, which
allows for determination of amplitude and phase of the near-
field signal.

Numerical Calculations. The simulation results in Table 1
were computed numerically using Ansys HFSS, which is based
on the finite element method (http://www.ansys.com).
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Lumped port excitations in driven models are used to directly
compute the feed gap voltage/current, hence the input
impedance, of the folded dipole antennas (Supporting
Information, Numerical Method of driven model). For all
simulation designs, we use dispersive material properties for
gold, aluminum and BCB measured by the infrared variable-
angle spectroscopic ellipsometry (IR-VASE).
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