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ABSTRACT: Resonant optical antennas with nanoscale gaps
are of high interest due to their ability to enhance electric fields
in localized subdiffraction-limited volumes. They are especially
attractive for coupling with quantum emitters. One challenge
for applications that exhibit a spectral shift is to fabricate
nanoantennas that provide two distinct resonances at the
excitation and emission frequency, respectively. We propose a
coupled T-shaped nanoantenna structure that provides
independently controllable resonances with a common
electromagnetic hot spot in the antenna gap. We demonstrate
the fabrication of such structures and investigate experimen-
tally and theoretically their spatial, time-integrated spectral-
and polarization-dependent electromagnetic field properties. The nanoantennas exhibit two resonances with unique spectral and
polarization responses. The resonance wavelengths are independently tailored by varying the geometry of individual T-shaped
antennas.
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In the past decade resonant optical antennas1 have attracted
huge interest for their unique properties in controlling light

at a subwavelength scale. Optical antennas are nanometer-scale
structures that efficiently mediate between freely propagating
radiation and highly localized near-fields.2−5 Their particle
plasmon resonances (PPRs) highly depend on the material
composition, the (complex) dielectric function of the environ-
ment shape, and the interaction of an individual antenna with
neighboring nanoparticles, including near-field and far-field
interaction.6 Coupled nanoantennas composed of antenna arms
separated by a nanometer-sized gap offer several attractive
properties7−9 such as the extremely high fields in the hot spot.
Antenna applications range from optical sensing and energy

harvesting10−12 to a control of the fluorescence of single
emitters,13−16 super-resolution microscopy,17 and nonlinear
plasmonics.18,19 Several applications require antenna geo-
metries with bimodal or multimodal spectral properties.
Among those are frequency mixing nonlinear optical methods
such as higher harmonic generation20−26 and difference
frequency generation.27 Another area of application focuses
on controlling the near- and far-field properties of the
polarization. Bimodal optical antennas have been proposed
for manipulating the polarization state in the near-field of a

nanoantenna.28−30 In this context, plasmonic waveplates have
been demonstrated.29,31 For polarization control applications,
the two resonance wavelengths can also be identical. Such
antenna structures can preserve the far-field polarization in the
near-field.32,33 Multiresonant structures have also been
proposed as color sorters.34−36 Another growing field of
research focuses on the excitation of Fano resonances,37 which
can also exploit bimodal antenna structures.38−42 Finally,
multiresonant or broadband nanoantenna arrays have been
applied for light trapping for example in solar cells.43−45 The
structure presented here is promising for these applications.
In the applications mentioned before different multiresonant

nanoantenna geometries have been used. These include gap
dipole antennas with different arm lengths,46,47 log-periodic
structures,22,48,49 L-shaped nanostructures in different arrange-
ments,23,31,50 asymmetric bowtie antennas,34,36 single T-shaped
antennas,20,26,38−41 bimetal antennas,35 a V-shaped antenna
coupled with a nanorod,25 and cross-shaped optical gap
antennas.27−30,32,33,43−45,51−53

Received: August 7, 2015
Published: October 12, 2015

Article

pubs.acs.org/journal/apchd5

© 2015 American Chemical Society 1644 DOI: 10.1021/acsphotonics.5b00446
ACS Photonics 2015, 2, 1644−1651

pubs.acs.org/journal/apchd5
http://dx.doi.org/10.1021/acsphotonics.5b00446


Within this work we focus on a design for bimodal antenna
structures that show enhanced excitation capabilities and
independently tunable emission properties for quantum
emitters (QEs) placed in a single antenna hot spot. It has
been extensively studied how hybrid coupled nanoantenna−QE
systems can have properties superior to pure QEs.54,55 The
positive effects of the antenna on the emitter include enhanced
scattering or absorption cross sections56 and a high
directionality.57−59 By tuning the PPR of the antenna the
desired channel can be optimized and the coupling effects can
be exploited and studied. In contrast to conventional radio
antennas, which are usually electrically connected, optical
antennas are most commonly optically driven. Consequently,
antenna−QE systems are optically excited, and the reemitted
response signal is likewise optically detected. Since QEs exhibit
a significant Stokes shift between absorption and emission,
nanoantennas for coupling with QE systems ideally support
two resonances. Accordingly, for a profound understanding of
the contributing effects a separation of the absorption and
emission process is advantageous, which has not been
presented so far.
Despite the huge amount of nanoantenna research, only a

few previous works focused on double-resonant structures for
enhanced absorption and emission.47,53,60 Therefore, we have
realized a novel structure, the coupled T-shaped nanoantenna,
which meets all of the following requirements: (i) the antenna
supports two resonances, (ii) high field enhancements for both
modes are supported in the same nanometer-scale hot spot,
(iii) the resonance wavelengths can be chosen independently of
each other by varying the geometry, (iv) the structure allows
for discrimination between the resonance modes based on both
polarization and wavelength.
Since the above summarized variety of antenna geometries

are designed for different kinds of applications, they do not
meet all these requirements perfectly. The cross-shaped
antenna (four antenna arms sharing a common nanogap) is
the closest to the structure presented here. However, the
biggest challenge of this structure is to design and fabricate a
nanogap so that high field enhancements can be achieved and
coupling of nearest neighboring arms is avoided.28,32,53

Furthermore, the design of Celebrano et al.25 combines the
control of the two resonances involved in second-harmonic
generation with the required asymmetry. Yet this structure is
very specialized for this particular application. The presented
coupled T-shaped optical antenna overcomes the challenges of
these architectures and complements the features of other
candidates. It provides a very promising design for applications
requiring bimodal resonances.

■ RESULTS AND DISCUSSION
T-Shaped Antenna Design. Here we present an antenna

design consisting of coupled T-shaped gold antennas that are
separated by a nanoscale gap. Figure 1 provides a schematic of
the T-shaped antenna. The structure supports two resonances
in the visible wavelength range at perpendicular polarization
angles. Two dipole gap antennas arranged perpendicular to
each other (cross-shaped antennas) represent a simple method
to realize two resonant modes. Here, we modify this geometry
and connect these two dipole gap antennas to form a structure
with improved gap coupling properties.
The T-shaped antenna can be viewed as an established dipole

gap antenna where an additional bar is attached to each antenna
arm forming the letter “T”. We call the two bars of the “T” top t

and base b (see Figure 1). The first resonance can be tuned by
changing the top length t similar to a dipole antenna.8,61 The
second antenna resonance is mainly defined by the length of
the attached base b. Attaching the base at (or close to) the
middle position and not at the ends of the top arm assures the
highest degree of independence between the two modes. This
goes along with the findings of Prangsma et al.62 In contrast to
the here presented bimodal T-shaped antenna, they demon-
strated a similar structure where the (very long) base is not
used to define a second mode, but for electrically connecting
the dipole gap antenna part without perturbing the optical
performance of the dipole. Using our design, both optically
active resonances are supported in an individual optical antenna
and share the same nanogap. By considering fabrication
limitations accomplishable resonance wavelengths depend
mainly on the geometrical parameters. To achieve a useful
top resonance, the top length has to be significantly larger than
the width of the antenna base. This minimum top length
defines the smallest possible resonance wavelength, whereas
there is no equivalent upper limit for the long resonance
wavelength. The huge benefit of the T-shaped gap antenna is
the controllable separation of two distinct eigenmodes within
the same structure and in the antenna hot spot by polarization.
While the coupling of two single “T” structures will generate
optically active as well as inactive (so-called dark) plasmon
eigenmodes, we restricted ourselves to the optically active
antenna modes.

Near-Field and Far-Field Properties of a Coupled T-
Shaped Nanoantenna. The working principle of the coupled
T-shaped structure is presented here for an antenna with a top
and base length of 70 nm each. Far-field scattering measure-
ments in combination with near-field simulations at the two
resonance wavelengths give a profound insight in the
characteristics of the antenna. Figure 2A shows the measured
dark-field scattering spectra for this T-shaped nanoantenna.
The first resonance for light polarized along the top (φ = 0°)
has its peak at λtop = 677 nm, while the second resonance at
λbase = 807 nm can be seen for light polarized along the base (φ
= 90°). Thus, the design criterion of two resonances that differ
in wavelength and also in polarization is satisfied.
The precise properties of the two modes can be further

understood by investigating the near-field. Here we present
finite-difference time-domain (FDTD) simulations to examine
the near-field enhancement as well as the current density in the
antenna. The near-field peak resonance wavelengths were
calculated in the middle of the antenna gap, and they are at
λtop,near = 711 nm for an angle φ = 0° and at λbase,near = 864 nm
for φ = 90°. The field enhancement in the antenna gap

Figure 1. Schematic of the T-shaped nanoantenna with geometrical
parameters. The width and gap size is fixed to 20 nm, the top length t
is varied from 50 to 90 nm, and the base length b varies from 0 to 90
nm. The polarization angle is defined as shown by φ.
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depending on the wavelength and the polarization angle is
shown in detail in the Supporting Information (Figure S1).
It is important to note that, first, there is a small shift in the

resonance wavelength between the (simulated) far-field and
(simulated) near-field, which is well known and extensively
studied.63 Second, the resonance wavelength of the measured
far-field scattering signal differs from the simulated scattering
resonance wavelength. We can clearly attribute the major part
of the difference in peak resonance wavelength between
experiment and simulation to the challenge of making sharp
inner edges using electron beam lithography. Corresponding
simulation results with adapted geometries are shown at the
end of the paper.
Figure 2B and C show the simulated electric fields and

current densities at half the antenna height. As intended, the
electric field enhancements in the gap (Figure 2B) are
extremely high (approximately 500× enhancement) for both
antenna modes. Hence our structure also fulfills the design
criterion of a common hot spot for both resonances. The
strength of the field enhancement for both modes is very close
to the enhancements observed in dipole nanoantennas.
Generally, with smaller gap sizes even higher field enhance-

ments are possible, but the fabrication is more challenging. It is
worth noting that the near-field polarization in the gap is along
the antenna top direction for both modes, although the far-field
polarizations are perpendicular to each other. This is further
supported by adding the in-plane component of the electric
field vectors in the near-field intensity plots in the Supporting
Information (see Figure S2). This property contrasts with other
bimodal geometries, for example that of the cross-shaped
antennas, and can be advantageous for several applications. If
the orientation of a dipole emitter can be controlled, the dipole
can couple optimally in terms of absorption and emission,
assuming that the absorption and the emission dipole moments
of the single QEs are parallel to each other. Besides the field
enhancement in the gap a smaller field enhancement at the
antenna ends not facing the gap can be observed, indicating
where the plasmon mode is located. For the first antenna mode
at an angle of φ = 0° the fields close to the antenna top ends are
enhanced; for the second antenna mode at an angle of φ = 90°
the fields close to the antenna bases are enhanced.
Furthermore, when looking at the current density distribution
(Figure 2C) in the antenna arms the plasmon oscillation modes
can directly be determined by the amplitude and vector
representation. For the top resonance the current distribution
on the top antenna arms looks very similar to that of a pure
dipole gap antenna, with a small disturbance in the center of the
individual arms due to the base. The current flow along the
base is approximately zero. In contrast, for the second antenna
mode, the current mode distribution shows that the particle
plasmon oscillation mainly arises along the base and turns
around the corner toward the antenna gap, but also a lower
current flow can be observed in the top toward the ends not
facing the gap.

Polarization Dependency of the Antenna Eigenm-
odes. Thus far, we concentrated on the two polarization angles
φ = 0° and φ = 90°. We further investigated the scattering
signal at the two far-field resonance wavelengths in dependence
on the polarization angle to determine the weighting of the two
modes.
In Figure 3 we show the scattering depending on the

polarization for simulation (λtop = 707 nm and λbase = 862 nm)
and for the experiment (λtop = 677 nm and λbase = 807 nm) of
the top and the base resonance at different angles (T-shaped
antenna with t = 70 nm and b = 70 nm). The resonances were
normalized to the maximum of the long wavelength mode in

Figure 2. Far-field and near-field properties of a T-shaped antenna
with top length t = 70 nm and base length b = 70 nm (scale bar 50
nm). (A) Dark-field scattering measurements for polarization along
the top (φ = 0°) and along the base (φ = 90°) of a single T-shaped
gap antenna. (B and C) Near-field FDTD simulations for polarization
along the top (λtop,near = 711 nm, φ = 0°) (left images) and
polarization along the base (λbase,near = 864 nm, φ = 90°) (right
images): (B) electric field enhancement E2/E0

2 and (C) current
density distribution J at half the antenna height.

Figure 3. Normalized scattering depending on the polarization angle φ
for the two modes at λtop = 707 nm and λbase = 862 nm for the
simulation and λtop = 677 nm and λbase = 807 nm for the experiment.
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order to qualitatively compare the results. The scattering signals
show a cos2 dependency on the polarization angle (see also
Supporting Information Figure S5). The optimal polarization
angles for the two modes are not exactly at 0° and 90°. For this
particular antenna geometry, for example, the top resonance is
best excited with an incident wave polarized at an angle of 8°
and the second mode, which is associated with the base of the
T-shaped antenna, has an optimal polarization angle at 97°.
The slight shift in the angle originates from the coupling of the
two T-shaped antenna arms. At these particular angles there is
no cross-talk into the other mode, and they are best separated.
Alternatively to adjusting the polarization angle, the point of
base attachment can be shifted from the middle of the top
slightly toward the gap. Further investigations of the influence
of the base position are presented in the Supporting
Information (Figures S6 and S7). At the optimal base position
the two modes are best excited with polarization angles of 0°
and 90°. The slight detuning from the optimal polarization
angle or optimal base position depends on the precise geometry
(i.e., top and base length) but is of minor importance due to the
small influence. Since we compare T-shaped antennas with
varying top and base lengths, we investigate only the
resonances at φ = 0° and φ = 90° without adjusting the base
position. These angles are best suited for comparison between
different geometries, and the resonances still show a single-
mode spectrum. This way, we maintain our simple and intuitive
design without losing quality.
Short-Wavelength Resonance (Far-Field Scattering). A

huge benefit of the T-shaped antenna is the ease of tailoring
both peak resonance wavelengths by changing the two
geometry parameters top length t and base length b. Thereby
it is important to start with the short-wavelength resonance,
which is determined by the top length, since this resonance will
not be affected much by changing the base length afterward.
Using FDTD simulation, we calculated the resonances for gold
dipole gap antennas (T-shaped antennas without the base) and
complete T-shaped antennas with a 70 nm long base both with
different top lengths t. The light was polarized along the
antenna top (φ = 0°) in both cases. The resonance wavelength
in dependence on the top length (t ranging from 50 to 90 nm)
is plotted in Figure 4A. The resonance wavelength of both
antenna geometries increases linearly with the top length from
650 to 800 nm. This behavior is well known from dipole
antenna research.64 There is only a small blue shift in resonance
wavelength between the two types of antenna geometries, and
the slope is approximately identical. Experimentally measured
resonance wavelengths for a pure dipole antenna and a set of T-
shaped antennas are shown as well. As mentioned before, the
shift in resonance wavelength between simulation and experi-
ment originates from the imperfection of the inner edges in real
fabricated structures. The trends, however, are very similar to
each other. In Figure 4B and C we show the measured and
calculated scattering spectra for both the pure dipole and the
complete T-shaped antenna. For the given fabrication
tolerances, simulation and experiment agree well. From the
simulation (Figure 4) it can be seen that the peak scattering
cross section is slightly smaller for the T-shaped structure. The
spectral width of the resonance and therefore the quality factor
of the plasmon resonator is hardly affected. We hence have a
very flexible means to fix the first resonance wavelength by
taking full advantage of the large amount of experience for
coupled dipole antennas. For all further investigations, we kept

the top length t fixed at 70 nm and focused on changing the
base length b.

Long-Wavelength Resonance (Far-Field Scattering). If
a pure dipole antenna is excited with light polarized
perpendicular to the long antenna axis, the scattering signal is
very low for the investigated wavelength range (Figure 5 top
row, magenta lines). Thus, for the experimental conditions
given here, we have not observed experimentally any transversal
dipole antenna mode. But when the base length becomes
significant, a second eigenmode appears in the scattering
spectra.
In Figure 5 we further show scattering spectra for T-shaped

antennas with a base of 50, 60, 70, and 80 nm length. For these
base lengths the base mode is at longer wavelengths than the
top mode. In both simulation (dashed lines) and experiment
(solid lines) the spectra are shown for a polarization along the
top axis (φ = 0°, blue lines) as well as for a polarization along
the base (φ = 90°, magenta lines). The short wavelength
resonances (φ = 0°) show little dependence on the base length

Figure 4. (A) Experimentally obtained (solid line) and simulated
(dashed line) resonance wavelengths of dipole nanoantennas (green)
and T-shaped antennas (b = 70 nm) (blue) with varying top lengths t
to demonstrate the influence of a base on the top resonance. (B)
Scattering cross section and (C) normalized scattering of a pure dipole
antenna and the top resonance of a coupled T-shaped antenna with a
top and base of 70 nm. An attached base results in a blue shift of the
resonance wavelength, while the scattering cross section and the
resonance shape are hardly influenced.
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for both measurements and simulations (Figure 5, blue lines).
The simulation results show the absolute scattering cross
sections and thus allow for a direct comparison of the
resonance amplitudes. Comparing the amplitudes of the
short-wavelength resonance for different base lengths among
each other, we found that they are nearly constant at about 0.03
μm2. This finding further reassures that the top mode is not
perturbed by changing the base length. Therefore, we
normalized each pair (φ = 0°, φ = 90°) of measured spectra
to the maximum value of the φ = 0° spectrum. We could then
compare the shape and relative magnitude of the two different
resonances for each configuration between simulation and
experiment. The amplitude ratio between base and top is
linearly increasing with increasing base length. Both resonances
are well separated by the polarization angle. We can see that the
resonance wavelength of the short-wavelength mode (blue
lines) is constant at λtop = 707 nm for the simulations and
around λtop = 680 nm for the experiments.
When the light is polarized along the antenna base (φ = 90°,

magenta lines), the long-wavelength mode of the T-shaped
antennas can be observed. For base lengths between 50 and 80
nm, this resonance shifts from 780 nm to 898 nm for the
simulations and from 708 nm to 830 nm for the experiments.
The resonance wavelength and the relative scattered power also
increase with increasing base length. Thus, for a given first
eigenmode and a fixed top length, the second mode can be
designed to a desired wavelength by adapting the base length
without perturbing the first mode heavily.
Figure 6 summarizes how the long-wavelength resonance can

be designed without influencing the short-wavelength reso-
nance. Here, the simulations cover a broader range of base

lengths from 20 to 90 nm. For comparison the pure dipole
resonance (base length b = 0 nm) is depicted for φ = 0°. It can
be seen that configurations exist where the base mode is at
shorter wavelengths than the top mode (b = 20 nm to b = 30
nm). However, for these configurations the scattering signal for
the base mode is very weak, and we recommend taking the base

Figure 5. (A) Scattering cross sections from FDTD simulations, (B) SEM images (scale bar 50 nm), and (C) measured normalized scattering via
dark-field microscopy of T-shaped antennas with a fixed top length of t = 70 nm and increasing base length (from the top to the bottom row) of b =
0, 50, 60, 70, and 80 nm. The blue color corresponds to the short wavelength top resonance and the magenta color to the long wavelength base
resonance. For the dipole only a single mode can be observed. With attached base the second mode appears, and it shifts to longer wavelengths with
increasing base lengths. The simulated and measured spectra agree very well (semitransparent lines are guides to the eye).

Figure 6. Resonance wavelengths of T-shaped antennas with top
length t = 70 nm and different base lengths b for the two polarization
angles φ = 0° and φ = 90° extracted from simulations (dashed and
dotted lines) and from experiments (solid lines). The two sets of
simulation results are for rounded inner edges (left sketch and dashed
lines) and for chamfered inner edges (right sketch and dotted lines).
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mode as the long-wavelength mode. It is also possible to design
an antenna where the two resonance wavelengths are identical,
which can also be beneficial for several applications. The long-
wavelength resonance shifts linearly and the short-wavelength
resonance is constant for both simulation and experiment.
For all simulations so far we rounded all inner and outer

edges with a radius of 3 nm (see Methods section), as depicted
in the left sketch of Figure 6. It can be seen that the
experimental scattering resonances (Figure 6, solid lines) are at
shorter wavelengths than the simulated values (Figure 6,
dashed lines). This deviation can be mainly assigned to the real
shape of the inner edges of the T-structure for the fabricated
antennas. The chamfered inner edges are a result of the partly
unavoidable proximity effect in electron beam lithography (see
SEM images in Figure 5). They lead to a blue shift of the
plasmon mode compared to a structure with rounded edges. In
Figure 6 (dotted lines) we also included the results from a set
of simulations of antennas with chamfered inner edges, as
depicted in the right sketch of Figure 6. These particular
simulation results agree very well with the experimental results.
Hence, we could attribute the major part of the discrepancies
between simulated and measured results to the challenge to
fabricate sharp inner edges. It can further be seen that this
change in geometry is not disadvantageous for the general
behavior of the coupled T-shaped antenna geometry and the
principles of this work. Even the field enhancement in the gap
is only moderately decreased (electric near-field enhancement
of the chamfered T-shaped antenna; see Supporting
Information, Figures S3 and S4). Since the main focus of our
simulations is the understanding of the working principle of T-
shaped antennas and not to match them to the experimental
results, all other simulations presented in this paper are without
chamfered inner edges.
In conclusion, coupled T-shaped optical antennas represent a

new class of nanoantennas for applications where two resonant
modes are desired. These structures were investigated by
numerical simulations, fabricated, and characterized by dark-
field scattering experiments. The results clearly show that the
structure supports two eigenmodes in the visible-wavelength
regime. Both resonances share very high field enhancements in
a common subwavelength nanogap. By changing the polar-
ization angle, the first, the second, or both eigenmodes can be
excited. We showed that the resonance modes can be easily and
independently tuned to desired wavelengths by selecting a
specific length of the top and the base of the T-shaped antenna.
Such structures combined with QEs in the electromagnetic hot
spot enable a promising way to fully control single-photon
sources. Beyond this, a multitude of further bimodal
applications can benefit from this coupled T-shaped antenna
structure.

■ METHODS
Experiments. The coupled T-shaped gold nanoantennas

were reproducibly fabricated with electron beam lithography
(eLINE, Raith) on a 30 nm indium tin oxide (ITO)-covered
glass coverslip. A diluted PMMA 950k resist with a resulting
layer thickness of 62 nm was used, and the exposure was
performed with 10 kV high voltage. After exposure and
development a 30 nm thick gold layer was thermally
evaporated, and finally a lift-off process in acetone was
performed. Scanning electron microscopy (SEM) was used to
verify the success of the lithography process and to identify the
best fabrication parameters such as exposure dose and

development time. For the SEM analysis a representative set
of nanoantennas was used to avoid contamination of the
antennas that are further used for the optical characterization.
Both the nanoantennas for the SEM and those for the optical
characterization were fabricated on the same substrate by using
exactly the same electron beam lithography procedure.
To characterize the optical properties of the fabricated T-

shaped antennas, we performed single-particle dark-field
scattering spectroscopy in transmission mode. We used an
inverted microscope (Axio Observer, Zeiss) with attached
spectrometer (Spectra Pro 2500i, Princeton Instruments) and
electron multiplying charge coupled device (EMCCD) camera
(Andor iXon, Andor Technologies) to obtain scattering spectra
of individual nanoantennas. A linear polarization filter in the
detection path allowed us to select specific polarization angles.
The polarization filter maintains an extinction ratio between
106 and 108 over the operating bandwidth. A halogen lamp with
a broad spectrum and a color temperature of 3200 K was used
as excitation source, and the sample was illuminated via a dark-
field condenser (NA = 1.2, Leitz Wetzlar). The spectra of the
scattered light at the nanoparticles were normalized by
subtracting the background close to the antenna from the
detected signal and dividing it by the optical transfer function of
the system and the spectrum of the excitation source for each
polarization, respectively. The peak resonances were deter-
mined with a Lorentzian fit to the measured resonance spectra.

Simulations. The antenna structures were theoretically
studied using FDTD method based numerical simulations.65 In
this model, a plane wave was incident on an individual gold
antenna structure on an ITO-covered glass substrate. The
polarization angle φ of the plane wave was varied as indicated
in the paper. The wave was injected from the glass substrate
side, which was considered to be infinitely large and thick for
these simulations. The ITO layer had a thickness of 30 nm. The
optical constants for the gold antenna structures (taken from
the paper of Johnson and Christy66) as well as for the ITO layer
(in-house ellipsometry measurement data; see Supporting
Information Figure S7) were frequency dependent, while the
glass substrate was modeled with a constant refractive index of
n = 1.5. Corners and edges of the gold nanostructure were
rounded by a radius of 3 nm to avoid unrealistic high field
enhancements at sharp edges within the simulation results. We
used a fine mesh with a spatial resolution of 0.625 nm for each
dimension for the nanostructure and its close proximity. The
mesh gradually became coarser toward the outer borders of the
simulation area. A region of 800 nm × 800 nm × 800 nm
surrounded by 24 perfectly matched layers ensured that the
finiteness of the simulation area did not affect the results. The
scattered power flowing through a closed box that surrounds
the antenna was integrated and normalized by the incident
intensity, giving us the scattering cross sections. As near-field
parameters we investigated the electric field distributions in the
plane at half the antenna height for the resonance wavelengths.
Finally, also the current density distribution at half the antenna
height for specific wavelengths was calculated.
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