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ABSTRACT: We show that geometric eccentricity can be used to
strongly tailor the angular radiation profiles of aluminum plasmonic
bullseye antennas. High-resolution energy/momentum maps are
recorded using a novel cathodoluminescence Fourier imaging
technique. The angular profiles for elliptical bullseyes (ellipticity e =
0, 0.6, and 0.8) are well described by a 2D dipole scattering model in
which the phase and amplitude of the scattering from the bullseye
grooves dictates the angular profile at a given energy. We show that
geometric eccentricity is an important parameter to control the
radiation profile of bullseye antennas. The new energy-momentum
cathodoluminescence imaging technique can be used to map the
optical properties of a wide range of dispersive and anisotropic systems, paving the way for a broad range of studies on complex
nanophotonic systems.
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Managing the generation, transport, and emission of light at
the nanoscale is becoming increasingly important for a

large range applications, including solid-state lighting, photo-
voltaics, optical computing, and sensing. Plasmonic nano-
antennas are highly interesting in this context, due to their
ability to strongly confine, scatter, and direct light.1−4 The
plasmonic bullseye antenna, a concentric plasmonic grating
system, presents such a highly versatile antenna platform. These
antennas are typically driven by a localized source such as a
scattering nanoaperture or dye molecule that excite propagating
surface plasmon polaritons (SPPs) which subsequently couple
out through the bullseye grooves. This scattering process and
the resulting optical properties can be controlled by the
geometry of the bullseye. In particular, various (derivative)
designs have been used for strongly beaming light,5−9 local
temperature control,10 altering polarization,11−15 and gener-
ation of beams with orbital angular momentum.15−17 Indeed,
the ability to strongly direct light into a particular direction is a
key property of bullseye antennas. So far, research on bullseye
antennas has focused mostly on cylindrically symmetric
geometries, leaving a key parameter, geometric anisotropy,
unexplored. Yet, it is well-known that geometric anisotropy
provides a unique way to tailor the emitted light. In particular, it
allows to go beyond the azimuthally symmetric response of a
circular bullseye, and to engineer anisotropy in energy and
momentum space, extending the applicability of bullseye
antenna systems in nanophotonics.
In this Article, we investigate the effect of geometric

eccentricity on the optical properties of aluminum plasmonic
bullseye antennas. Aluminum is a relatively inexpensive,

abundant material that is compatible with a large range of
fabrication processes.18 It has a broadband plasmonic response
that extends into the deep-UV, with optical properties that are
superior to that of gold in the blue/UV region. Compared to
silver, the plasmonic response extends further into the UV, and
the chemical stability is better due to the protective native oxide
layer. These benefits make it an ideal material for bullseye
antennas, enabling emission tuning over a broad range of
wavelengths.
We use coherent cathodoluminescence (CL) imaging spec-

troscopy, a technique in which an electron beam is used to
locally polarize the antenna. CL presents an excellent technique
for studying plasmonic materials owing to its high-spatial
resolution, sensitivity to the local optical environment, and
spectrally broadband excitation,19,20 and the possibility to obtain
angular,21−26 polarization,14,27−29 and time-resolved informa-
tion.30−33 It has been used to unlock the local resonant behavior
and directionality in a large variety of plasmonic antenna
systems.14,22,25,26,34

Bullseye antennas are composed of diffractive elements
(grooves) and are intrinsically highly dispersive, making it
challenging to properly track their directionality as a function of
wavelength. Additionally, in the case of elliptical bullseyes, the
response is highly anisotropic in momentum space. As such, the
response has to bemeasured for a large range of azimuthal angles
to obtain a full understanding of the optical properties.
Previously, angle-resolved CL spectroscopy and polarimetry14
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were performed by projecting the emitted light on a CCD
imaging camera, with spectral sensitivity achieved using
broadband bandpass filters. While this enabled momentum
spectroscopy, the lack of high spectral sensitivity is a major
drawback in the investigation of dispersive antenna radiation
profiles. Recently, we codeveloped the energy-momentum CL
imaging technique with a much higher energy resolution, where
momentum was probed along a single plane.35 Here, we extend
this technique with a scanning optical geometry, which we use to
scan the Fourier pattern across the input slit of a spectrograph,
enabling the collection of two-dimensional momentum maps.
This approach enables Fourier microscopy over an octave of
bandwidth and a large numerical aperture (NA), with high
momentum and energy resolution. We demonstrate that
geometric eccentricity provides is powerful parameter to control
the directionality of plasmonic bullseye antennas.

■ RESULTS AND DISCUSSION

Fabrication. We fabricated three sets of bullseye gratings
with varying eccentricities (e) in a Czochralski-grown single-
crystal aluminum substrate, using focused-ion-beam milling
(Thermo Fisher/FEI Helios 450 dual beam) with a 30 kV

gallium ion beam and a 28 pA beam current. In particular, we
fabricated bullseyes with e = 0 (circular bullseye), 0.6, and 0.8, all
with a groove pitch a of 500 nm along the major axis and 500,
400, and 300 nm along the minor axis, respectively. The central
plateau in the bullseye has a diameter of 2a and is surrounded by
a concentric grating with a 50/50 duty cycle consisting of 8
grooves (depth = 130 nm). Scanning electron micrographs of
the resulting structures are shown in Figure 1a−c.

Setup. For the CL experiments we use a Delmic SPARC CL
detection system, mounted on a Thermo Fisher 650 Quanta
field-emission gun scanning electron microscope (SEM). The
CL-system is equipped with a 2048× 512 pixel back-illuminated
CCD array mounted on a Czerny-Turner spectrograph. The
light is collected with an aluminum paraboloid mirror (1.47π sr
acceptance angle), which is aligned with respect to the electron
beam and sample using a motorized micropositioning stage
inside of the vacuum chamber. The spectrograph contains a
motorized entrance slit, a filter wheel with band-pass color
filters, and a turret with two pieces of optics on opposite sides. It
has a 300 lines/mm ruled grating, blazed for a free space
wavelength λ = 500 nm on one side and a flat aluminum mirror
on the other. A schematic overview of the experimental setup is
shown in Figure 1d. In this work we employ two complementary

Figure 1. SEM images of aluminum bullseye antennas with (a) e = 0, (b) e = 0.6, and (c) e = 0.8. In (a), the electron beam excitation position (blue dot)
and angle β are schematically shown. (d) Schematic overview of the experimental setup. The blue arrows indicate the lens movement for LSEK
imaging. The grating is placed on a turret and can be readily interchanged for an aluminum mirror for ARCL. (e) Raw ARCL CCD image acquired
using a λ = 600 nm band-pass filter with a 40 nm bandwidth. The position of the slit in the spectrograph is indicated by the white dashed lines. The solid
white line shows the parabolic mirror outline. (f) Raw λ− θmap, corresponding to the slice acquired at the center of the paraboloidmirror. The orange
dashed ellipse indicates the second grating order of the spectrograph diffraction grating. (g) Raw composite LSEK image acquired by taking multiple E
− k acquisitions for different lens positions. The image corresponds to a center wavelength of 600 nm with a 17 nm bandwidth. The blue arrow
indicates the λ − θ slice shown in (f).
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Fourier imaging modes: (1) In both approaches we project the
Fourier (k-space) pattern on the entrance slit of the spectro-
graph. When the slit is opened completely (15 mm) and the
aluminum mirror is selected on the turret in the spectrograph,
we can acquire a full angular pattern/momentum distribution
within the NA of the paraboloid collection optics by projecting
the angular distribution onto the CCD camera. The CL
emission intensity is measured for a large range of zenithal (θ)
and azimuthal (φ) angles simultaneously.Wavelength specificity
is attained with the band-pass filters in the filter wheel in this case
(see references21,22 for more details on this approach). We will
refer to this imaging mode as angle-resolved CL (ARCL). A
representative raw ARCL image, acquired on a e = 0.6 bullseye is
shown in Figure 1e. Because this technique has been successfully
applied to many nanophotonic systems22,34,36 it provides a good
benchmark for CL Fourier imaging. (2) In the second approach,
the entrance slit is closed such that a narrow opening remains
with an adjustable width of 10−2500 μm. The slit acts as a filter
in angular/momentum space and normally selects the central
part of the Fourier pattern corresponding to the center of the
paraboloid as indicated in Figure 1d. In particular, a range of
zenithal emission angles is collected for a fixed azimuthal angle
(φ = 0°, 180°) (see ref 35 for more information). This selection
of the angular emission pattern is sent to the diffraction grating
which decomposes the light into different wavelengths, leading
to a hybrid 2DCCD image with λ on the horizontal axis and θ on
the vertical axis. An example of such a map is shown in Figure 1f.
This λ − θ map can directly be converted into an energy (E)
momentum (k) map by applying the appropriate coordinate
transform.35 We will refer to this method as E − k imaging. The
combination of CCD array size and broadband diffraction
grating employed here results in a spectral range spanning more
than one optical octave, giving rise to a second diffraction order
from the spectrograph grating in the low energy range of the E−
k maps (see orange dashed circles in Figures 1f and 3a). In
section 1 in the Supporting Information, this is discussed in
more detail. We note that both E − k imaging and energy−real

space (E − x) imaging are performed in a similar manner in
optical microscopy systems.37−39

Although the E − k imaging method is superior to the ARCL
method in terms of energy resolution, it only partially maps k-
space along a specific range of zenithal angles (whereas a “full” k-
space image is obtained in ARCL. Here, we lift this limitation by
extending the E − k technique with scanning lens optics. In
particular, we scan the Fourier pattern across the slit, by
transversely moving two motorized incoupling lenses that are
placed in front of the entrance slit (see Figure 1d). The projected
Fourier pattern in the entrance-slit plane is 7.6 mmwide and the
lenses are placed ∼15 cm away from the slit plane. The
displacement of the Fourier pattern during the lens-movement
corresponds to a change in angle of <1.5° with respect to the slit
plane which has a negligibly small effect on the overall pattern.
Therefore, we can safely assume that the Fourier pattern is only
displaced and not distorted when the lenses are moved.
To obtain a full 3D E − k image, the lenses are first moved

outward such that Fourier pattern falls just outside the entrance
slit. Subsequently, they move in the opposite direction such that
an entire pattern crosses the slit, while E− k images are acquired
with the camera. The displacement of the Fourier pattern is
linear with the lens movement in this geometry, simplifying the
approach. The entrance slit width is matched to the step size of
the Fourier pattern movement to prevent under/oversampling.
For plasmonic systems such as the bullseyes studied here, a slit
width of 150−200 μm presents a good compromise between
signal level, acquisition time, and angular resolution. These
widths correspond to ∼40−60 E − k pattern acquisitions. We
correct for sample drift by imaging a reference region every 30 s,
with the secondary electron detector in the SEM.Wewill refer to
this method as lens-scanning energy-momentum (LSEK)
imaging. Figure 1g shows a wavelength slice through a raw
LSEK scan, acquired with a 150 μm slit width and 57 lens
positions.
Figure 2a−c shows three angular profiles acquired with the

ARCL approach on three bullseyes with e = 0, 0.6, and 0.8,
respectively, with the short axis of the bullseye parallel to the slit

Figure 2. Angular profiles for the three bullseyes, with e = 0, 0.6, and 0.8 (minor axis aligned with the slit), as measured with conventional single-shot
ARCL (a−c) and LSEK imaging (d−f) for λ = 600 nm. Each column in the figure represents a different eccentricity as noted below.
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(φ = 0°). A summary of the acquisitions parameters is given in
Table S1 in the Supporting Information. The electron beam was
positioned in the center of the plateau, as indicated in Figure 1a,
and a λ = 600 nm color filter (40 nm bandwidth) was used. For
the circular bullseye, we observe a directional doughnut beam,
which is expected when the bullseye is symmetrically excited in
the center.14,36

For the elliptical bullseyes two intense spots are observed
along the short axis of the ellipse. As the eccentricity increases (a
decreases along minor axis) these spots move progressively
toward higher angles. LSEK images are shown in Figure 2d−f for
λ = 600 nm. They are composed of 57 E − k slices with a Δλ =
1.8 nm bandwidth, more than a factor 20 smaller than the typical
bandwidth used in the ARCL. Nevertheless, the LSEK patterns
match well with the ARCL patterns demonstrating that this
technique can be used to accurately measure angular profiles
with high energy resolution. A full 3D visualization of the 3D
LSEK data set in which the continuous change of the angular
profile can be seen as a function of wavelength/energy is
included in Supporting Information, section 3.
To investigate the bullseye dispersion in more detail we study

the CL emission in energy−momentum space along three
different angles of the bullseye’s minor axis relative to the slit (β
= 0°, 45°, 90°). The angle is set using the SEM stage rotation. A
detailed discussion on this approach is given in Supporting
Information, section 4. Additionally, we have included a
discussion of how the different angle-resolved CL approaches
compare (Supporting Information, section 5).
Data for β = 0° and 45° are shown in Figure 3a−f. Maps for β

= 90° are shown in Figure S1a−c in the Supporting Information.
The color maps show the CL intensity as a function of photon

energy and normalized parallel momentum k∥ (k0sin(θ)a/π)
within the light cone. The black band on the k∥ < 0 side
corresponds to the open side of the paraboloid mirror where
light is not collected. In all the maps we see two main emission
bands which correspond to diffraction from the bullseye grating.
As expected, the maps corresponding to β = 0° and 45° are very
similar for the circular (e = 0) bullseye. The bullseye is driven by
a concentric SPP wave that is generated in the center of the
bullseye. This bound SPPwave is coupled to free-space radiation
by diffraction from the bullseye grooves. The diffraction of the
SPPs from the grooves can be approximated with a 1D grating
model, taking into account the SPP dispersion on aluminum.
Here, k∥ = [Re(kSPP) − 2nπ/a]*a/π, where n is an integer
corresponding to the diffraction order (light gray dashed lines).
For the combinations of photon energies and groove pitches
considered here, the bullseyes emit light in n = 1, 2 diffraction
orders as indicated in Figure 3a. Due to the mirror symmetry of
the excitation and structure these lead to two pairs of
symmetrical emission bands in the E − k map. Along the short
(Figure 3a−c) and long axes (Figure S1a−c) of the bullseyes,
this model matches well with the data.
The reduction in a along the short axis (β = 0°) for increasing

eccentricity leads to a blueshift of the diffraction orders, which is
clearly visible in the corresponding E − k maps. This is
consistent with the movement of the emission lobes toward
higher polar angle for a given energy, as observed in Figure 2b,c.
For β = 45°, this blueshift of the dispersion is also observed, but
it is less pronounced because the differences in a are smaller
along this axis. For β = 90°, no shift is present, as a is equal for all
eccentricities. The exact intensity distributions along the bands
differ though (see Figure S1). Because the pitch is the same this

Figure 3. E− kmaps acquired on bullseyes with (a, d) e = 0, (b, e) e = 0.6, and (c, f) e = 0.8 for β = 0° and 45°. The orientation of the bullseye structures
with respect to the entrance slit (blue arrow) is shown schematically on the left. The light gray dashed lines indicate the calculated dispersion based on a
1D SPP gratingmodel. In (a), the different bullseye diffraction orders (n) are indicated. The orange dashed ellipse indicates the second grating order of
the spectrograph grating.
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change in intensity distribution must come from the change in
eccentricity. Next to the bands, a weaker complex interference
pattern is visible. Characteristic cross cuts and a discussion on
the line widths of the bands are given in Figure S2 and
Supporting Information, section 7, respectively. The effect of the
number of grooves is also discussed.
Interestingly, a dark line is visible close to where the n = 2

grating order is located some of the E − k maps (most visible in
Figure 3a,d). Such features have been observed before in
bullseyes12−14 and could be related to inference of different
dipole components in the plasmon groove scattering and
interference of the bullseye emission with the direct transition
radiation coming from the electron beam impact position.
As seen in Figure 3e,f, for β = 45° and e > 0, the agreement

with the 1D grating model breaks down. The emission bands no
longer follow the calculated grating order dispersion. Fur-
thermore, we observe bright spots in the maps at particular
points in the E− k space, which move with eccentricity and also
cannot be explained by a 1D SPP grating model. The reason for
this mismatch is that the resulting patterns in E − k space are, in
fact, governed by the coherent scattering of the grooves in 2D.
To include the 2D character of the bullseye emission we take the
following approach. SPPs are transverse-magnetic waves and it is
known that they can drive a magnetic dipole resonance in the
groove where a (partial) current loop is induced in the groove
edges.34,40−42 As has been shown before, (composite)

plasmonic systems can be approximated as a collection of
point scatterers.36,43,44 In particular, the bullseye emission can
be described as a collection of in-plane magnetic dipoles (m∥),
where the phase and amplitude are dictated by the incoming
SPP wave.13,41 For the m∥ far-field we use the formalism as
described in ref 45, where we assume that the dipoles are
positioned 10 nm above the top surface of the bullseye, in the
center of each grating period as schematically illustrated in
Figure 4a. Details of the model are discussed in the Supporting
Information, section 8.
We employ this 2D dipole model to calculate both angular

distributions and E − k maps. Figure 4b−d shows theoretical E
− k maps for a e = 0.6 bullseye at β = 0°, 45°, and 90°. These
match remarkably well with the corresponding experimental
maps in Figure 3b (β = 0°), Figure 3e (β = 45°), and Figure S1b
(β = 90°). For the orthogonal directions β = 0 and 90°, the lobes
follow the 1D SPP grating dispersion, shifting to shorter
wavelength as the grating pitch is increased. For β = 45°, the
more complex emission lobe pattern observed in Figure 3e is
reproduced well in the model. Furthermore, in Figures S1 and
S4, experimental and calculated E − k maps are shown for β =
90°, e = 0, 0.6, 0.8 and for e = 0.8, β = 0° and 45°, respectively,
where the calculations also match well with the data. The fact
that the band placement, width, intensity distribution, and fine
structure are very similar, even for β = 45°, where the 1D model
breaks down, demonstrates that this model is a good

Figure 4. (a) Schematic representation of the dipole model where the blue arrows represent the magnetic dipole positions and orientations and the red
arrows represent the plasmon wave that is excited in the bullseye center. Calculated E− kmaps for (b) β = 0°, (c) β = 45°, (d) β = 90°, for e = 0.6. (e)
Five angular patterns as measured with LSEK imaging and (f) corresponding patterns as calculated with the dipole model. The corresponding
wavelengths/energies are listed below. For reference these energies are also indicated by the gray arrows in (b). The three β angles for (b)−(d) are
indicated by the colored dashed lines in the left angular pattern in (e).
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approximation to the bullseye. The data confirm that the
observed patterns indeed result from a coherent 2D interference
between the grooves, where the phase and amplitude of the SPP
wave at the groove positions play a critical role in determining
the overall pattern in E − k space.
Next, in Figure 4e,f we compare the theoretical and

experimental full angular distributions for the e = 0.6 bullseye
for five different wavelengths/energies. Strong agreement is
observed between experiment and theory with all main trends
reproduced: (1) An angular profile with two strong emission
lobes is observed for the highest energy (3.31 eV), with an
elliptical halo near the origin seen in both theory and
experiment. (2) An angular profile with four strong emission
lobes is observed at 2.79 eV for both experiment and theory.
These lobes correspond to the bright spots in theE− kmap for β
= 45° (Figure 4c) and are clearly observed in the E− kmap for β
= 45° in Figures 3e and 4c. (3) Decreasing the energy further,
angular patterns with two main lobes along β = 0° are observed,
in full agreement with the E − k maps for β = 0° in Figures 3b
and 4b. The lobe angle increases with decreasing energy,
consistent with the grating diffraction model.
The fact that the patterns at 3.3 and 2.4 eV look similar (albeit

rotated by 90°) confirms that the k-space behavior of the
elliptical bullseye along the minor and major axis is similar, but
shifted in energy. Due to the symmetry of the bullseyes and
central excitation position the emission destructively interferes
at k∥ = 0 (not visible in experiment due to paraboloid hole),
leading to a null in the angular profile as was also observed for
radially symmetric antenna sources.14,36 In the CL data, the
signal at larger k∥ (θ > 45°) is higher than in the model; potential
causes are described in Supporting Information, section 8.
Finally, we vary the electron beam excitation position on the

bullseye structure. Figure 5 shows E − k maps (b−d) and
angular profiles (e), as measured with the LSEK approach on a e
= 0.8 bullseye for an off-center excitation position, as indicated

in (a). Both the E − k and angular patterns show an asymmetry
parallel to the axis on which the electron beam is displaced (the
minor ellipse axis in this case), as was observed before in circular
plasmonic patch antennas36 and bullseyes14 as well. Although
the patterns are clearly asymmetric, they are not altered
drastically. That means that the bullseye response is rather
robust against emitter displacements within the central plateau
in this case, which could be a benefit in a sensing application, for
example.
We have shown that the eccentricity of the bullseye can be

used to tailor an anisotropic response in E − k space, that is
profoundly different from the conventional azimuthally
symmetric circular bullseye emission. The orthogonal beaming
behavior for different energies alongminor andmajor axes of the
elliptical bullseyes, as shown in Figures 3 and 4 could potentially
be utilized for a microscale directional spectrum splitting device.
This could be used to separate the emission from a mix of two or
more emitter species or to separate different emission bands
from a single emitter, for example. By varying the electron beam
position, robustness of the directionality can be tested
systematically. In this case, the bullseye behavior can be further
tailored to yield a more asymmetric directional beam. From CL
methodology perspective, the LSEK approach presented here
could be combined with the angle-resolved polarimetry
approach that has been developed before.14 Furthermore, for
materials that efficiently emit incoherent CL, such as direct band
gap semiconductor materials, the CL yield is orders of
magnitude higher than the plasmonic signals studied here,
allowing high-resolution LSEK imaging with significantly
shorter dwell times and narrower slit widths.
Finally, we envision that this technique can be employed in

studies on topological photonics, (quasi) periodic, hyperuni-
form, and random complex media, metasurfaces, and nano-
antennas.

Figure 5. (a) SEM micrograph of the central section of a e = 0.8 bullseye, as indicated by the blue dashed box in Figure 1c. The blue dot shows the
electron beam impact position. Corresponding E − k maps for (b) β = 0°, (c) β = 45°, (d) β = 90°, as measured using the LSEK approach. (e) Five
angular patterns for five different energies, extracted from the data set. In the left pattern in (e) the different β angles as shown in (b)−(d) are indicated
with a color code dashed line.
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In conclusion, we have studied the influence of geometric
eccentricity on the directionality of aluminum plasmonic
bullseye antennas using cathodoluminescence imaging. For
this purpose, we use a novel energy-momentum CL imaging
technique in which we scan the Fourier pattern over the
entrance slit of a spectrograph, allowing us to obtain all
momenta collected by the paraboloid mirror. This yields a high-
resolution energy-momentum data set containing CL data for a
large range of energies and momenta. We study the
directionality in anisotropic aluminum bullseye antennas and
find that the emission along the major and minor axes can be
well understood from a 1D grating model. For other axes a more
advanced dipole model, taking into account the scattering
processes in 2D describes the data well. The results demonstrate
that the directionality in bullseye antennas is strongly tunable
with eccentricity. Furthermore, the study establishes the LSEK
imaging as a powerful analytical momentum spectroscopy tool
in cathodoluminescence studies on nanoscale materials and
devices.
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