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ABSTRACT: We study functional hybrid metasurfaces
consisting of metal—dielectric nanoantennas that direct light
from an incident plane wave or from localized light sources
into a preferential direction. The directionality is obtained by
carefully balancing the multipolar contributions to the
scattering response from the constituents of the metasurface.
The hybrid nanoantennas are composed of a plasmonic gold
nanorod acting as a feed element and a silicon nanodisk acting
as a director element. In order to experimentally realize this
design, we have developed a two-step electron-beam
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lithography process in combination with a precision alignment step. The optical response of the fabricated sample is measured
and reveals distinct signatures of coupling between the plasmonic and the dielectric nanoantenna elements that ultimately leads

to unidirectional radiation of light.
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‘hdetasurfacesl‘2 that controllably direct light from an
incident plane wave or from localized light sources are
indispensable constituents for a future class of highly compact
optical devices. They are made from designed meta-atoms that
allow engineering the optical response of the metasurface
toward a range of applications. While wavefront shaping is
arguably the most intensively researched functionality of
metasurfaces, they can also be tailored to provide an efficient
link between localized optical near-fields and propagating
optical far-fields, allowing for strong enhancement of light—
matter interaction processes such as spontaneous emission
enhancement, nonlinear optical processes, or perfect absorption
in a small, defined volume. To this end, the metasurface can
harness the abilities of nanoparticles to concentrate light into
small volumes and to establish highly directional scattering
patterns, thereby emitting or receiving light into or from a
narrow solid angle efficiently. As such, the meta-atoms borrow
their functionalities from optical nanoantennas including
plasmonic and dielectric antennas. While plasmonic nano-
antennas” ® have proven to provide good directionality and
excellent coupling properties due to the strong field enhance-
ment, they suffer from their intrinsic absorption.” All-dielectric
nanoantennas,” '” on the other hand, exhibit high radiation
efficiencies, but the lower field confinement also reduces
coupling efficiencies. Hybrid metal—dielectric nanoantennas
composed of plasmonic feed elements and dielectric director
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elements allow for combining the advantages of both plasmonic
and all-dielectric nanoantennas. Hence, they may offer large
Purcell enhancements and highly directional radiation patterns
while preserving high radiation efficiencies at the same time.
Various recent theoretical and numerical studies have analyzed
hybrid nanoantenna architectures, mainly in the context of
emission manipulation."*™"® Typically, a resonant plasmonic
dipole or feedgap antenna is used as a nanoantenna feed
element, providing a strong near-field enhancement and thus a
high enhancement of the radiative decay rate. Then, in order to
shape the radiation pattern of the hybrid nanoantenna without
introducing notable additional losses, a dielectric nanoantenna
is employed as a director element. This allows us to capitalize
on the strong field enhancement provided by the plasmonic
feed element and, at the same time, to efficiently direct the
emission in a specific direction. As a result, this sequential
approach where near-field coupling between metallic and
dielectric particles results in designed far-field radiation patterns
can provide record values for directional emission enhancement
from a dipole source that cannot be achieved with plasmonic or
all-dielectric nanoantennas alone under the same conditions.'®
In addition to their prospective use for tailoring emission from
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nanoscopic sources, metal—dielectric nanoantennas can also
offer very interesting opportunities for bidirectional scatter-
ing."”"® For example, coupling of a plasmonic antenna element
(with a low quality factor) to a dielectric antenna element (with
a high quality factor) allows combining resonances of very
different quality factors and results in Fano resonances, which,
in turn, can be used to achieve extended control over the
directional radiation characteristics.'”"®

Altogether, hybrid nanoantenna geometries are interesting
candidates for a range of photonic apg)lications, including
directional nanoscale light sources, > biosensing,19 and
optical switching and routing.”® By employing hybrid nano-
antennas as meta-atoms for functional metasurfaces we,
thereby, define a new type of hybrid metasurfaces with radiation
properties defined by the properties of the underlying
constituents. Since we use metal—dielectric nanoantennas as
meta-atoms, these hybrid metasurfaces can provide new
functionalities to realize directional and emission-shaping
metasurfaces when, for example, quantum emitters are coupled
to the plasmonic feed elements.””' However, due to their
structural complexity, the fabrication of resonantly coupled
metal—dielectric metasurfaces is challenging and has not been
demonstrated so far.

3

B RESULTS AND DISCUSSION

Here, we address this challenge and fabricate stacked metal—
dielectric metasurfaces consisting of subwavelength arrays of
gold nanorods coupled to silicon nanodisks (Figure 1a) and
investigate the optical response and directional radiation
properties at near-infrared wavelengths.

A sketch of the considered hybrid metasurface and the meta-
atom geometry is shown in Figure 1a,b. A gold nanorod with its
fundamental resonance tuned to the design wavelength of 1.1
um for an electric field polarized along its long axis is used as a
feed element. The gold nanorod is placed at a specific distance
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Figure 1. (a) Sketch of the two-dimensional hybrid metasurface and
(b) the detailed geometry of a single metal—dielectric nanoantenna.
(c) Steps performed for fabrication of the stacked hybrid nanoantenna
arrays.
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above a silicon nanodisk featuring strong quadrupolar
resonances”” around the same wavelength. This silicon
nanodisk acts as a director element. The metasurface is
processed on a SiO, substrate with a refractive index of 145.
The dimensions of the gold rod are [ = 180 nm, w = 40 nm, and
t = 40 nm. The silicon nanodisk has a height of h = 220 nm and
a radius of r = 235 nm and is covered by a 75 nm layer of SiO,
that acts a spacer layer between the two elements. The spacer
layer is optimized to achieve maximum directivity in the
forward direction (—z-direction in Figure 1b). The entire
structure is embedded into an index-matching oil. In order to
produce the metasurface, we arranged the meta-atoms in a two-
dimensional array with a lattice constant of a = 670 nm, as
shown in Figure la.

To fabricate the hybrid meta-atoms, we have developed a
two-step electron-beam lithography (EBL) procedure, which is
schematically illustrated in Figure lc. The first step of EBL
defining the silicon-nanodisk director elements is performed on
a silicon-on-insulator wafer (SOITEC) with a silicon layer
thickness of 220 nm using the negative-tone e-beam resist
NEB-31A. The resulting resist pattern serves as a mask for
reactive-ion etching (RIE) of the device layer. Any residual
resist is removed by oxygen-plasma etching. In the second step,
we concentrate on hybridizing these dielectric elements with
the plasmonic gold nanorods in a defined fashion. To this end,
we first sputter a thin layer (approximately S nm) of indium—
tin-oxide (not shown in Figure 1c) to restore the dc
conductivity of the sample that has been lost during the
etching procedure in the previous step. Next, cross-shaped gold
alignment marks are lithographically defined at the corners of
the nanodisk arrays, and the sample is carefully mapped in a
scanning electron microscope. Note that the latter two steps are
not mandatory and have not been depicted in Figure lc, as
alignment markers can also be directly incorporated into the
first EBL step. Next, we deposit a thin, 75 nm layer of SiO, as a
spacer defining the separation distance between the feed
element (gold nanorod) and the director element (silicon
nanodisk).

We then perform the second step of EBL, defining the gold
nanorod feed elements using the positive-tone electron-beam
resist PMMA 950 K A4 from Microchem. The predefined
marks enable the precise alignment of the second exposure step
with regard to the predefined silicon nanodisks. Following
exposure and development, we deposit 40 nm of gold via
electron-beam evaporation and we perform a lift-off procedure
in hot acetone. As a last step, in order to ensure that the
resulting structures are situated in an isotropic, low-refractive-
index environment during measurement, we drop-cast an index-
matching oil (n = 1.45) onto the sample. Alternatively, the
application of a thick SiO, layer can be considered to provide a
homogeneous dielectric environment. A scanning electron
micrograph of the resulting nanoantennas before drop-casting
the oil is displayed in Figure 2. The inset shows a close-up of a
few hybrid nanoantennas in the array.

In the following, the fabricated structures are optically
characterized, the measured spectra are compared to numerical
simulations, and the directional radiation properties of the
hybrid antenna design are studied. For optical characterization
we perform linear-optical transmittance measurements using a
home-built white-light spectroscopy setup that employs a
tungsten-halogen lamp as a light source. By inserting a linear
polarizer behind the light source we can choose the electric-
field polarization of the incident light to be aligned parallel or
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Figure 2. Scanning electron micrograph of the fabricated hybrid
metal—dielectric metasurface. The inset shows a magnified and oblique
view of the same sample.

perpendicular to the long axis of the gold nanorod, respectively.
This allows us to selectively excite the nanorod resonance at
approximately 1.1 pgm wavelength only for the polarization
parallel to the long axis of the gold nanorod. An aperture is
introduced in an additional image plane behind the sample to
select the light that is passing through the metasurface only. All
measurements are referenced to an unstructured sample area of
equal size next to the metasurface. The measurement results are
displayed in Figure 3a. A significant difference between the
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Figure 3. (a) Measured and (b) numerically calculated normal-
incidence linear-optical transmittance spectra for incident light
polarized parallel (blue) and perpendicular (red) to the long axis of
the gold nanorod. The interplay of the plasmonic and the dielectric
nanoantenna elements results in a significant difference between the
transmittance for the two incident polarizations for the spectral region
where the nanorod resonance is excited but also for the off-resonant
case at 1.3—1.4 ym wavelength.

transmittance of the metasurface for the two incident
polarization directions is observed in the spectral region
around the operation wavelength of the nanorod at 1.1-1.2
um wavelength and in a second spectral region at 1.3—1.4 ym
wavelength as well. Since the silicon material tends to be
notably lossy below a wavelength of 1 ym, the experimental
spectra become noisy when the wavelength approaches 1 pm.

In order to provide an explanation for the observed spectral
behavior, we compare our experimental results with numerical
finite-integral frequency-domain calculations using the com-
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mercial software package CST Microwave Studio. In these
simulations the nominal geometry of the fabricated sample has
been fully considered. For the optical properties of gold we use
the data from ref 23, and for silicon we consider a refractive
index of 3.5, respectively. Calculated transmittance spectra for
the two linear polarizations are displayed in Figure 3b, showing
good qualitative agreement with the experimental spectra. We
note, however, that the difference in the transmittance for the
two orthogonal polarizations is less pronounced in the
experimental spectra as compared to the numerical ones.
This is mainly due to sample imperfections, such as
imperfections in the alignment of the plasmonic nanorod
with respect to the center of the silicon nanodisk.

To shed light on the directional radiation properties of the
hybrid metasurface, we furthermore calculate the radiation
cross-section of the corresponding single metal—dielectric
meta-atom (Figure 4a) and calculate the radiation pattern at
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Figure 4. (a) Numerically calculated radiation cross-section for a
single metal—dielectric nanoantenna and (b) the calculated front-to-
back ratio of the light radiated by the hybrid nanoantenna for incident
polarization along the long axis of the gold nanorod. (c) Multipole
decomposition of the local fields composed of electric dipole (ED),
magnetic dipole (MD), electric quadrupole (EQ), and magnetic
quadrupole (MQ) contributions. The insets in (a) show the radiation
patterns at the spectral positions marked by the arrows.

the two resonance positions. We additionally calculate the
front-to-back ratio (Figure 4b) defined here as the radiated
power in the forward direction (—z-direction in Figure 1b)
divided by the radiated power in the backward (+z-) direction.
The obtained front-to-back ratio for the two relevant spectral
regions is above 60 and 100, respectively. We note that the
occurrence of the characteristic radiation properties shown in
Figure 4a,b can, in principle, be qualitatively explained by a
superposition of the electric and magnetic dipoles of the silicon
nanodisk'”'* and the electric dipole of the gold nanorod that is
displaced by 185 nm in the +z-direction from the overlapping
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dipoles of the nanodisk. However, due to interactions in the
system, this picture does not reflect the quantitative radiation
properties shown in Figure 4ab. Nevertheless, to study the
scattering properties of such a hybrid device, we perform a
multipole decomposition of the local fields of a single metal—
dielectric meta-atom to identify the multipole components that
give rise to the characteristic radiation properties. In the
multipole analysis we consider a situation in the simulation
where the antenna is illuminated by a plane wave according to
the experimental situation. We use again CST Microwave
Studios to solve the full wave problem and to extract the
scattered field. The scattered field is afterward projected onto
the different spherical harmonics, which represent eventually
the fields of electric and magnetic dipoles and quadrupoles.
This allows extracting the multipole moments induced in the
antenna by the respective illumination, and to calculate the
contribution of each multipole moment to the scattering cross-
section.Thereby it allows quantifying the importance of each
multipole moment and provides an excellent base to under-
stand the ability of the hybrid antenna to preferentially scatter
the light in the forward direction. More details on the multipole
analysis can be found in ref 25. Using this method, we extract
the dominating multipole contributions with respect to the
central coordinate of the silicon nanodisk from the local near-
fields of the meta-atom and plot them in Figure 4c. From
Figure 4c we can identify that at wavelengths from 1.1 to 1.2
um, ie, when the plasmonic nanorod is in resonance, the
directional radiation is caused by the superposition of a
pronounced magnetic dipolar contribution with electric (and
weaker magnetic) quadrupolar components of the combined
system in accordance with previous theoretical findings, where
a directional radiation behavior has been attributed to the
superposition of electric and magnetic multipole moments in
plasmonic nanoantennas.” We note that, even though the
plasmonic nanorod has a scattering response that is purely
electric dipolar, the scattered field from the nanorod in the
hybrid design is expanded with respect to a central coordinate
that is outside of the nanorod; that is, it is in the center of the
silicon nanodisk. Therefore, additional multipole moments than
the electric dipole moment are necessary to describe the
scattered field of the gold nanorod. In this specific situation the
displacement, however, is small and the scattered field is well
described by those multipole moments depicted in Figure 4c.
Nevertheless, when exploring the ability to suppress the
backscattering from those hybrid nanoantennas using, for
example, generalized Kerker conditions, the characteristic
radiation pattern shown in the inset of Figure 4a can be
explained by the superposition of the corresponding multipole
components.”* As such, although the front-to back ratio is
higher at the longer-wavelength resonance, the scattering
pattern becomes more directive at the resonance of the
plasmonic nanorod due to this excitation of higher-order
multipoles in the nanodisk.

In contrast to this, the spectral region from 1.3 to 1.4 um
wavelength is dominated by a superposition of the electric and
magnetic dipole components of the nanodisk director element
that ultimately gives rise to unidirectional radiation with the
corresponding characteristic radiation pattern shown in the
inset of Figure 4a. Remarkably, in this regime the hybrid meta-
atom acts as a Huygens’ element'? and could, therefore, be also
used as a fundamental building block for efficient wave-shaping
devices.
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Bl CONCLUSION

In conclusion, we have realized a hybrid metal—dielectric
metasurface composed of gold nanorods that are coupled to
silicon nanodisks. To this end, we have implemented and
successfully demonstrated a multilayer fabrication approach to
realize stacked metal—dielectric meta-atoms that combine the
advantages of both plasmonic and dielectric elements. We have
studied the optical properties of this metasurface and
investigated its directional radiation properties. We show that
our design supports unidirectional radiation of light with a
maximum front-to-back ratio of above 100 and analyzed the
interplay of its multipolar electric and magnetic contributions
that lead to the directed radiation behavior of the single
constituent elements. In particular, we have identified the
operation band where the meta-atoms effectively behave as
Huygens’ elements that, in principle, allow for full 27 phase
manipulation. Therefore, our hybrid metasurface can be used in
a range of photonic applications, including wavefront
manipulation, directional nanoscale light sources, biosensing,
or optical switching and routing,
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