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ABSTRACT Interference of optically induced electric and mag-
netic modes in high-index all-dielectric nanoparticles offers unique
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opportunities for tailoring directional scattering and engineering the
flow of light. In this article we demonstrate theoretically and
experimentally that the interference of electric and magnetic
optically induced modes in individual subwavelength silicon nano-
disks can lead to the suppression of resonant backscattering and to
enhanced resonant forward scattering of light. To this end we ) 450 500 550 800

Si disk diameter (nm)

spectrally tune the nanodisk's fundamental electric and magnetic
resonances with respect to each other by a variation of the nanodisk
aspect ratio. This ability to tune two modes of different character within the same nanoparticle provides direct control over their interference, and, in
consequence, allows for engineering the particle's resonant and off-resonant scattering patterns. Most importantly, measured and numerically calculated
transmittance spectra reveal that backward scattering can be suppressed and forward scattering can be enhanced at resonance for the particular case of
overlapping electric and magnetic resonances. Our experimental results are in good agreement with calculations based on the discrete dipole approach as
well as finite-integral frequency-domain simulations. Furthermore, we show useful applications of silicon nanodisks with tailored resonances as optical
nanoantennas with strong unidirectional emission from a dipole source.
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he ability to manipulate light at the

nanoscale is the cornerstone for a

wide range of applications including
compact photonic devices and their dense
integration on an optical chip. However,
at subwavelength dimensions conventional
optical elements lose their functionality,
creating the need for entirely new concepts
to control and utilize light at the nanoscale.
While plasmonic nanostructures are widely
recognized for their ability to concentrate
light to deep-subwavelength volumes,' 3
they suffer from intrinsic nonradiative opti-
cal losses in metals at optical frequencies,
limiting their efficiency for key applications
like quantum-light sources, photovoltaics,
sensing, and metamaterials. These losses
become particularly relevant for more
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complex plasmonic device geometries
which comprise larger amounts of metal,
like for example, arrayed nanoantennas for
unidirectional emission enhancement.* 8
Thus, an alternative implementation of
subwavelength optics other than nano-
plasmonics is highly desired for the devel-
opment of efficient nanophotonic devices.
Recent experimental demonstrations of
strong resonant response from subwave-
length high-index all-dielectric particles in
the visible and infrared spectral range®~'¢
suggest such a novel approach to nano-
photonics. The observed optically induced
resonances can be employed in a similar
way as plasmonic resonances of metallic
nanoparticles and may allow overcoming
the problem of strong losses in plasmonic
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structures paving a way toward low-loss nanophotonic
devices based on all-dielectric or hybrid metal—
dielectric metamaterials'’~'® and nanoantennas.?®~ 2

Importantly, high-index dielectric nanoparticles
support both electric and strong magnetic reso-
nances.”~'® This is in contrast to highly symmetric
metallic nanoparticles, where resonant scattering is
dominated by electric resonances only.** To obtain a
magnetic optical response from plasmonic nanoparti-
cles, more complex particle geometries like split-ring
resonators” that support a circular current are necessary.

Despite the different geometries of all-dielectric
nanoparticles supporting magnetic resonances com-
pared to their plasmonic counterparts the basic phy-
sics of the magnetic response of high-index dielectric
nanoparticles is quite similar to that of conventional
metallic split-ring resonators: in a dielectric nano-
particle, a magnetic Mie resonance originates from
the excitation of a particular electromagnetic mode
inside the particle, which exhibits a circular displace-
ment current of the electric field.'” This mode is excited
when the effective wavelength of light inside the
particle becomes comparable to the particle's size.
It is characterized by an antiparallel orientation of the
electric field at opposite sides of the particle and a
maximum of the magnetic field at its center. The study
of such magnetic Mie resonances in all-dielectric
nanoparticles'® and tailoring at will their interplay with
the nanoparticle's electric Mie resonances open many
new possibilities for light manipulation at the nano-
scale. For example, dielectric nanoparticles with strong
magnetic response support a new type of resonant
interaction at the nanoscale including a novel mani-
festation of Fano resonances,”® which were previously
extensively studied in plasmonic systems.?”~3°

The capability of having both electric and magnetic
modes within a single nanoparticle is of particular
interest. Not only is a simultaneous electric and mag-
netic optical response the key ingredient for most
photonic metamaterials.'””~'® Even more importantly,
interference between electric and magnetic modes
can lead to strong effects on the particle's scattering
properties®' including surprising directional radiation
effects.3>3* Hence, tailoring optically induced modes
of all-dielectric nanoparticles and their interference
offers intriguing applications for nanophotonic devices
like nanoantennas, sensing, and photovoltaics. For
example, unidirectional scattering was recently experi-
mentally demonstrated through the off-resonant
overlap of electric and magnetic optical modes'*3>3¢
where the observed behavior was found to be
similar to Kerker-type light scattering®” by hypo-
thetic magneto-dielectric particles. However, if the
operating spectral regime is far from the resonance,
scattering is generally weak in all directions, and no
significant forward scattering enhancement can be
observed.®
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Resonant scattering, in contrast, brings the advan-
tages of a large scattering cross section of the particle
over a broad spectral range (comparable to the reso-
nance width) for plane-wave excitation.*® Usual reso-
nant scattering, however, is symmetric in the forward
and backward directions. Hence, to suppress backward
scattering, geometries that employ various types of
auxiliary elements or rely on interaction with a sub-
strate have been demonstrated.*~#3%° We show that
the introduction of such additional elements is not
necessary for nanoparticles that support spectrally
overlapping electric and magnetic resonances. Re-
markably, backward scattering can even be completely
canceled if the two overlapping resonances have the
same strength.3® While this concept has been theore-
tically analyzed for carefully designed metal-dielectric
core—shell nanoparticles,®® an all-dielectric, metal-free
implementation of such resonant forward scattering
has neither been suggested nor demonstrated so far.

Instead, most of the current studies of the magnetic
response of dielectric nanoparticles, including experi-
mental demonstrations,’>~ ' concentrate on designs
based on high-permittivity dielectric spheres'?'>'> or
cubes.' Such three-dimensional shapes are governed
by only one geometrical parameter, and thus do not
allow for spectrally shifting the resonance positions
of the electric and magnetic lowest-order Mie-type
modes with respect to each other. Instead, the funda-
mental mode of a high-index dielectric sphere or cube
is always of the magnetic dipole type,'® and it occurs at
a different frequency from the electric one. The same
holds true for dielectric pillars, where the lateral di-
ameter and the height are comparable.> Consequently,
for such particles with spectrally separate resonances
directional scattering can only be observed in the
off-resonant regime. It is therefore an open challenge
to tailor the respective spectral position of the electric
and magnetic modes in high-index dielectric nano-
particles in order to utilize at will either their electric,
magnetic, or combined magneto-electric polarizabilities
at resonance.

To achieve this goal, we here consider disk-shaped
silicon nanoparticles which offer the opportunity both
to select either the electric or the magnetic single-
particle Mie-type mode as the lowest-order resonance
and to tune their relative spectral positions by simply
adjusting the disk height-to-diameter aspect ratio.*'
Most importantly, choosing the appropriate aspect
ratio also allows for bringing the two lowest-order
(electric and magnetic dipole) resonances into spectral
overlap. Using silicon nanodisks embedded into a
low-index homogeneous medium, we demonstrate
this resonance overlap of electric and magnetic modes
experimentally for the first time to our knowledge.
Furthermore, we observe the effect of this overlap
on far-field transmittance and reflectance spectra,
where it leads to suppressed backward scattering
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and therefore to high optical transmission through
the structure despite two pronounced resonances being
excited at the overlap spectral position at the same time.
This has important implications for unidirectional nano-
antennas, which utilize the interference of scattering
from different modes within the same nanoparticle.*?
Using numerical simulations we study the capability of
a single nanodisk to act as an interference-based nano-
antenna, revealing that the ability to tailor the relative
spectral mode positions can indeed enable a fundamen-
tally new, highly directional type of such devices.

RESULTS AND DISCUSSION

Discrete Dipole Description of the System. To demonstrate
the individual control of the electric and magnetic
dipole resonances in silicon nanodisks, first we calculate
the extinction spectra of the electric and magnetic
modes supported by a single silicon nanodisk using
the theoretical method developed by Evlyukhin et al.*'
This approach is based on the discrete-dipole approx-
imation (DDA), and it allows for decomposition at the
extinction cross-section of an arbitrary shaped nano-
particle into its constituent multipole contributions,
including the lowest order magnetic and electric dipole
modes.*' Our approach enables us to rigorously analyze
the role of multipole modes in the extinction spectra of
silicon nanodisks for any value of the disk aspect ratio.

To this end, we represent the scattering object,
for example, our silicon nanodisk, by a cubic lattice of
optically small elements with corresponding electric
point dipoles with local polarizability (xp.43 Fora mono-
chromatic field the electric dipole moments P;induced
in each lattice point j are then determined by the self-
consistent coupled-dipole equations®’

2 I#j
P, = 0pEo(r) +0.p ZG A (M

where Eq(r)) is the external electric field at position r;, ko
is the vacuum wavenumber, ¢ is the vacuum permit-
tivity, G is the Green's tensor of the medium surround-
ing the scatterer, and N is the total number of point
dipoles in the system. The total extinction cross section
Oext Of the lowest order electric and magnetic dipole
modes can then be expressed by*'

~ P m
Oext = Oext + Oext
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where ¢, is the permittivity and k is the wavenumber
of the background medium, and
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Figure 1. (a) Traced spectral maxima positions of extinction
cross sections derived from calculations based on discrete
dipole approximation (DDA) for the electric (blue line) and
magnetic (red line) dipole moments of a single silicon
nanodisk with height h = 220 nm embedded into a low-
index medium (n, = 1.5). The extinction cross section
maxima associated with the electric and magnetic reso-
nance can be brought into spectral overlap for d ~ 290 nm
as indicated by the black dashed line. The inset shows a
sketch of the considered geometry. (b) Calculated extinc-
tion cross sections for the case of resonance overlap. Solid
lines depict results of DDA calculations, the circles show
results obtained by finite-integral frequency-domain (FIFD)
calculations for comparison.

Here mj(ro) = w/(2i)(r; — ro) x p;is the magnetic dipole
moment located at r, associated with the electric
dipole p;.

Figure 1a shows the maxima positions of the extinc-
tion cross sections calculated using eq 2 for the electric
and magnetic dipole modes, respectively, of silicon disks
with h = 220 nm height and diameters ranging from
d =200 nm to d = 650 nm. According to the Mie theory
for spherical particles, the magnetic dipole resonance
takes place when the effective wavelength of light
inside the particle equals its diameter.'® For the case
of cylindrical particles the spectral electric and magnetic
mode positions are dependent on both the height and
the diameter, and they can be analytically estimated
utilizing magnetic wall boundary conditions.** From this
it is expected that the electric resonance position ex-
hibits a much stronger wavelength shift with respect
to the nanodisk diameter as compared to the shift of
the magnetic dipole resonance. This difference in the
magnitude of the spectral shifts, which we indeed
observe in our results, leads to the ability to overlap
the two extinction maxima. In our case, the overlap
condition is fulfilled for d ~ 290 nm, corresponding to
an aspect ratio of y = h/d = 0.76, for a single silicon
nanodisk. The electric, magnetic, and total extinction
spectra for this case calculated by DDA (solid lines) are
plotted in Figure 1b, clearly showing the spectral overlap
of both modes at a vacuum wavelength of 1 ~ 1060 nm.
Figure 1b furthermore includes the result of a numerical
finite-integral frequency-domain (FIFD) calculation (CST
microwave studio, open boundary conditions) of the
total extinction cross-section of an identical single sili-
con nanodisk for comparison (circles). We have con-
firmed that the same excellent agreement found in
Figure 1b for the two different numerical methods is
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Figure 2. (a) Numerically calculated linear-optical transmittance spectra for arrays of embedded silicon disks (see inset) with
height h =220 nm and variable lattice constant (a = d + 200 nm), revealing a complete mode crossing with spectrally separate
resonances on both sides of the overlap. For clarity spectra are vertically displaced by T = 1 each time the disk diameter is
increased by 25 nm. The dashed lines are guides to the eye. Spectral features arising from the diffraction by the lattice are
grayed out. (b) Calculated electric and (c) magnetic field magnitude at the silicon disk center for a = 800 nm. The insets show

the electric and magnetic mode profiles for d = 650 nm.

obtained over the entire range of disk diameters from
200 to 650 nm.

Numerical Calculation. Next we consider an array of
silicon nanodisks, which allows for easier experimental
characterization of the modes in comparison to single
particle extinction measurements.*” To investigate the
manifestation of the mode properties in the optical
spectra of silicon disk arrays and to gain an additional
insight into the properties of the observed modes, we
perform FIFD calculations using CST Microwave Studio.
We use periodic boundary conditions where the
lattice constant a is varied together with the diameter
d, setting a = d 4 200 nm. The height of the silicon disks
remains unchanged (h = 220 nm). The refractive index
of the silicon disks is n = 3.5, and of the substrate
and the embedding medium n,, = 1.5. Air interfaces
are neglected. For calculating transmittance T(4) we use
normal-incidence plane-wave excitation and evaluate
the power flow through the sample. For the lossless
system, this allows us to obtain the total reflectance
Ras 1 — T. The calculated transmittance spectra are
plotted in Figure 2a, showing the crossing of the two
modes with the change of the disk diameter. Note the
near-perfect suppression of backward scattering ob-
served for the case of mode overlap at d ~ 475 nm,
where the transmittance approaches a flat T = 1 line.
We also calculate the electric and magnetic mode
profiles at resonant conditions in a cut plane through
the center of the disk for d = 650 nm and a = 800 nm
where the two dips are well separated. These results
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are shown in the insets of Figure 2 panels b and c. The
lowest order (i.e., lowest frequency) resonance for low-
aspect ratio (i.e., larger diameter) disks [see Figure 2b]
clearly exhibits electric characteristics with the mag-
netic field showing a node and the electric field show-
ing an antinode at the center. The next higher order
mode for low-aspect ratio disks, in contrast, exhibits
the opposite behavior, with the magnetic field show-
ing an antinode and the electric field showing a node
at the disk center [see inset in Figure 2c]. Making use of
these distinct characteristics of the mode profiles, we
plot the absolute value of electric and magnetic fields
at the center of the silicon nanodisks for different
disk diameters in Figure 2 panels b and c, respectively.
Here, the lattice constant is fixed to a = 800 nm for
direct comparison with experimental data. Again, in
support of our results obtained by DDA, the electric
and magnetic resonances and their crossing can clearly
be identified. Differences in the spectral overlap posi-
tions derived from the DDA calculations for extinction
cross sections of single silicon nanodisks and from the
FIFD simulations for near-field enhancement at the
disk center for silicon nanodisk arrays are partly due
to lattice interactions and partly due to the different
methods used to estimate the resonant wavelength. In
the first case the resonant wavelengths of the electric
and magnetic modes are estimated by the lowest-
order maxima positions of the respective extinction
cross section contributions. It is known that the spec-
tral positions of extinction maxima can be significantly
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Figure 3. (a) Sketch of the silicon nanodisks embedded into
a low-index matrix. (b) Scanning electron micrograph of
typical fabricated silicon nanodisks before embedding them
into the low-index medium. The insets show magnified (top)
and oblique-incidence (bottom) views.

shifted with respect to the actual eigenfrequencies of
the resonant mode due to various interference phe-
nomena such as Fano resonance etc.*® In the second
case we estimate the resonant wavelengths of the
electric and magnetic modes via the resonant behavior
of the electric and magnetic field enhancements at the
nanodisk center. This method is only an approximate
method as well as it does not capture the exact mode
profile.

Experimental Results. We fabricated silicon nanodisk
arrays on silicon oxide using electron-beam lithogra-
phy on silicon-on-insulator wafers in combination with
directive reactive-ion etching. In a subsequent step we
embedded the silicon nanodisks in a low-refractive-
index medium. Details of the fabrication procedure can
be found in the Methods section. As the height of the
disks is fixed to the top silicon layer thickness of our
SOI wafer (h = 220 nm), we vary the aspect ratio by
changing only the diameter of the silicon disks while
keeping their height constant. The diameter d of the
disks is systematically varied between 400 nm and
600 nm, resulting in disk aspect ratios y = h/d ranging
from 0.55 to 0.37. The lattice constant of the array is
a =800 nm. This choice of densely packed disks not only
ensures a strong farfield signature in transmittance
measurements, but also allows for studying the particle
resonances with only a small influence from grating
effects, as the lowest order diffractive mode occurs at
shorter wavelengths as compared to the resonance
frequencies of interest. While the close proximity of
neighboring disks has an influence on the exact reso-
nance positions of the silicon disk, the resonances follow
the same qualitative behavior observed for a single
particle, as seen in Figure 1. A schematic of the studied
geometry and scanning electron micrographs of a typical
fabricated silicon disk array before the disks are imbedded
are displayed in Figure 3a,b, respectively, for d ~ 550 nm.

We measure linear-optical transmittance and re-
flectance spectra both for the embedded and for
the free-standing silicon disk arrays using a custom-
built white-light spectroscopy setup connected to an
optical spectrum analyzer. Transmittance [Reflectance]
is understood as T = IHA)/kol) [R = r(A)/Iro(A)],
where K(A) [Ir(A)] is the transmitted [reflected]
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Figure 4. Experimentally measured optical transmittance (a)
and reflectance (b) spectra for silicon nanodisks with height
h = 220 nm embedded into a low-index medium. The disk
aspect ratio is systematically varied in order to tune the
electric and magnetic resonances into spectral overlap. The
white dashed ellipses indicate the regions where the depth/
height of the overlapping resonance minima/maxima is sig-
nificantly reduced compared to the isolated resonances. This
is attributed to the suppression of resonant backward scatter-
ing through destructive interference of simultaneously ex-
cited electric and magnetic modes in each individual silicon
nanodisk. (c,d) Corresponding numerically calculated trans-
mittance and reflectance spectra, respectively. The white solid
lines show the resonance positions for separately calculated
electric and magnetic response shown in Figure 2b,c.

wavelength-dependent intensity arriving at the detec-
tor when the sample is inserted into the beam path,
and Irold) [Iro(A)] is the transmitted [reflected] wave-
length-dependent intensity arriving at the detector
when the reference is inserted into the beam path.
A pair of 20x Mitutoyo Plan Apo NIR infinity-corrected
objectives with numerical aperture NA = 0.4 is used to
focus the incident light onto the sample and to collect
the light transmitted through the sample. As no higher
diffraction orders exist in the spectral range of interest
for the relevant lattice constant most of the trans-
mitted light is collected by the second objective.
The range of incident angles has been reduced to 46
degrees by an aperture. In reflectance, the light is
collected by the same objective used for focusing.
The transmittance and reflectance measurements are
referenced to the transmittance of the unstructured
wafer next to the silicon disk arrays and to the reflec-
tance of a silver mirror, respectively. Transmittance
values exceeding unity are due to the referencing
procedure in the presence of Fabry—Perot resonances
in the spectra of the layered wafer structure. The
measured spectra for the embedded disks are shown
in Figure 4a,b. Two distinct resonances can clearly be
identified for the largest fabricated disk diameter of
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d ~ 600 nm both in transmittance and in reflectance.
On the basis of the Beer—Lambert law such resonant
suppression of the transmission through a 2D periodic
array can be linked to the extinction cross-section of
a single nanodisk by T & exp(—0e«/a®). Here, T is the
fraction of the intensity that goes through the structure
without being scattered or absorbed, while the trans-
mittance measured in our experiment and calculated
in numerical simulations allows for a finite range of
collection angles. However, for a two-dimensional
periodic array of silicon disks with a lattice constant
sufficiently small as to not generate higher propagat-
ing diffraction orders in the spectral range of interest,
both definitions of transmittance give equivalent
results. The physical reason for this is that the non-
normal components of scattered light cancel out in the
far-field for a periodic array of azimuthally symmetric
scatterers driven in phase. At resonance, for spectrally
well separated resonances, we observe T &~ 0, which
can be interpreted as destructive interference in the
forward direction of incident and resonantly induced
scattered waves which originate from the electric and
magnetic particle resonances. The two resonances
move closer together as the disk diameter decreases
and merge at around d ~ 500 nm. Remarkably, at the
point of overlap, instead of getting more pronounced,
the transmission dip and the reflectance peak become
significantly smaller, making the whole structure more
transparent (see regions within white dashed ellipses
in Figure 4a,b). The reason for this surprising behavior
is that for overlapping electric and magnetic reso-
nances destructive interference of incident and scat-
tered waves now takes place in the backward direction.
In other words, the structure comes closer to satisfying
the impedance matching condition for free space
(e = u) when exhibiting both an electric and a magnetic
response within the same frequency range. This leads
to less light being reflected, and, consequently, more
light being transmitted through the structure. Such
impedance matching effect observed for our arrays
is equivalent to the suppression of backscattering
for single particles. Note here, that in this situation
Beer—Lambert law does not work since transmission
T ~ 1 implies zero extinction cross-section of a single
nanodisk ge = 0, which is not the case (see Figure.1).
The reason for this is that at the resonance overlap the
amplitude of the total scattered wave (electric and
magnetic resonance) is twice the amplitude of the
incident one, and they interfere destructively with each
other. This implies that despite the fact that T~ 1 the
amplitude of the transmitted wave is out of phase with
the incident wave, indicating that we are still dealing
with a resonant effect.

To directly compare our experimental measurements
with theory, we numerically calculate transmittance
and reflectance spectra for the given experimental
parameters. The calculated spectra are displayed in
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Figure 4c,d, showing a good general agreement with
the experimental measurements. The main differences
between experimental and numerical data arise from
Fabry—Perot resonances in the layered wafer structure,
which lead to several additional local extrema in the
measured spectra, for example, transmittance minima/
reflectance maxima around 1.35 and 1.55 um wave-
length. The layered wafer structure was not modeled
in the numerical calculations in order to keep the size of
the computational domain sufficiently small to allow for
realistic computation times. Furthermore, an additional
signature of low transmittance and high reflectance is
present in the experimental curves at the short wave-
length side of the resonances, which can be attributed to
coupling to higher-order modes. This becomes possible
for not strictly normal incidence in the experiment.
Any additional differences between experimental and
numerical spectra are likely due to a combination of
fabrication inaccuracies and the finite range of incident
angles used in experiment. Fabrication inaccuracies in-
clude deviations from a perfect circle shape of the silicon
nanodisks in top view as well as surface roughness and
not entirely straight sidewalls. The white solid lines mark
the smoothed maximum positions from Figure 2b,c,
showing the overlap/crossing at d ~ 500 nm. It is worth
noting that the spectral resonance positions, including
that of the resonance overlap, are shifted upon changing
the lattice constant a or when comparing single disks
with disks arranged in an array. Furthermore, because
the resonances blue shift and approach the first
Wood's anomaly as the disk diameter is reduced, the
mode separation on the small-diameter side of the mode
crossing is smaller in our system with a = 800 nm as
compared to the results presented in Figure 2a. However,
this is not representative for the behavior of the silicon
nanodisks as such. As obvious from Figure 1ab for
single disks and from Figure 2a for arrays with varying
lattice constant, a clear separation of the two modes
can be observed on both sides of the overlap. Here, as
the electric and magnetic mode start moving out of
spectral overlap again for small disk diameters, although
they are still too close to produce two spectrally separate
transmittance minima and reflectance maxima, a clear
signature shows up again in the transmittance/
reflectance spectra as backward scattering is not sup-
pressed anymore.

For comparison we have also measured and calcu-
lated transmittance and reflectance spectra for a
nominally identical sample with arrays of free-standing
(not embedded) nanodisks. These results are shown
in Figure 5 panels a and b, respectively. The calculated
spectra are displayed in Figure 5¢,d, showing very good
agreement with the experimental measurements. The
free-standing disks exhibit the same effect of reduced
backward scattering for overlap of the electric and
magnetic resonance around d &~ 525 nm as observed
for the embedded disks. While a theoretical description
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Figure 5. Experimentally measured optical transmittance
(a) and reflectance (b) spectra for free-standing (not
embedded) silicon nanodisks with height h = 220 nm on
silicon oxide. The spectral overlap of the electric and
magnetic resonances occurs for d ~ 525 nm, resulting in
reduced backward scattering (see areas marked by white
ellipses). (c) Corresponding numerically calculated trans-
mittance and (d) reflectance spectra.

of silicon disks on a substrate is challenging compared to
that of disks embedded into a homogeneous medium,
these results show that the suppression of backward
scattering through interference of the electric and mag-
netic modes in the silicon nanodisks with the incident
light wave is robust against changes in the dielectric
environment of the disks.

The observed resonant forward scattering effect
could be useful for solar cells, antireflection coatings,
and high-transmission phase modulators. Importantly,
however, potential applications of optical mode inter-
ference in silicon nanodisks are not limited to the case
of mode overlap. In the next section we demonstrate
through numerical simulations that the capability to
shift the modes with respect to each other also proves
useful for optimizing scattering properties in the off-
resonant regime, and that our findings have important
implications for a new type of all-dielectric directional
nanoantennas.

Implications for Single-Element All-Dielectric Nanoantennas.
Even a single embedded disk can already act as a
broadband unidirectional nanoantenna exhibiting an
ultrahigh front-to-back-ratio (FBR) based on an off-
resonant interference phenomenon between tailored
electric and magnetic modes excited by an electric
dipole point source. Such a geometry is illustrated in
Figure 6a. In the dipole approximation, we can analyt-
ically derive the expression for FBR in the limit of
closely placed dipole-like emitters. The FBR is equal
to |(otg — ibkay)/(ce + ibkay)|?, where ag and oy, are the

nanodisk

a dipole
emitter

Front-to-back ratio

10— 12 14 16 18 2
Wavelength (um)

Figure 6. (a) Sketch of a single embedded silicon nanodisk
used as a highly directive optical nanoantenna (not to
scale). (b) Numerically calculated front-to-back ratio (FBR)
for an electric dipole emitter coupled to a single embedded
silicon nanodisk supporting tailored electric and magnetic
resonances. The emitter is axially displaced from the disk
center by b = 155 nm. The inset shows the emission pattern
at maximum FBR.

effective electric and magnetic polarizabilities of the
single nanodisk, k is the vacuum wavenumber, and b is
the separation between the electric dipole emitter and
the nanodisk center. This expression indicates that at
the corresponding resonance the FBR can be greatly
enhanced due to vanishing denominator.

Figure 6b shows the FBR for an electric dipole
emitter coupled to a silicon nanodisk of diameter d =
620 nm calculated numerically using CST Microwave
Studio. The emitter is axially displaced from the center
of the nanodisk by b = 155 nm; that is, it is located
45 nm away from the disk surface. The inset shows the
emission diagram at the indicated spectral position.
The directivity of the silicon disk nanoantenna asso-
ciated with maximum FBR reaches a value of 6. The
emission of the dipole is mainly directed into one
direction by the silicon disk over the entire spectral
range as manifested by values for the FBR larger than
unity. The optimum calculated FBR peaks at a vacuum
wavelength of 1111 nm, reaching a value of 5521,
which is the highest FBR ever reported for single-
element nanoantennas.

CONCLUSIONS

We have demonstrated that the electricand magnetic
resonances of individual subwavelength silicon nano-
disks can be spectrally tuned with respect to each other
and brought into spectral overlap by variation of the
nanodisk aspect ratio. This ability to individually tune the
resonances provides direct control over their interplay.
Most importantly, strong directional radiation effects
can be obtained by tailoring interference between
modes of different character within the same dielectric
nanoparticle. We have theoretically investigated this
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concept using both an approach based on discrete-
dipole approximation and finite-integral frequency-
domain calculations. To verify our findings experimentally
we have fabricated and optically characterized arrays of
silicon nanodisks embedded into a low-index medium,
which feature both electric and magnetic resonances in
the near-infrared spectral range. Measured transmit-
tance spectra show that the mode overlap renders
the silicon disk sample more transparent owing to
the destructive interference of resonant backscattering

METHODS

For the fabrication of silicon disks embedded into a low-index
matrix, we first perform electron-beam lithography on silicon-
on-insulator wafers (SOITEC, 220 nm top silicon thickness, 2 um
buried oxide thickness, backside polished) using the negative-
tone resist NEB-31A. After cleaning the top silicon surface by
oxygen plasma (2 min, 200 W) we spin-coat HDMS as adhesion
promoter (3000—4000 rpm, 30 s), directly followed by spin-
coating of the electron-beam resist (3000—4000 rpm, 30 s).
We perform both a pre-exposure bake (110 °C, 2 min) and a
postexposure bake (90 °C, 2 min). For development we insert
the sample into MF-321 developer for 40 s followed by rinsing it
in deionized water for several minutes. The resulting photoresist
pattern is then used as an etch mask for a directive reactive-ion
etching process. We stop the etching process precisely when
the etch depth reaches the buried oxide layer using in situ
optical monitoring. The remaining electron-beam resist mask is
removed by inserting the etched sample into oxygen plasma.

To embed the silicon disks in a homogeneous optical envi-
ronment, we overgrow the disks with 550 nm of SiO, using low-
pressure chemical vapor deposition (LPCVD) and tetra-ethyl-
ortho-silicate (TEOS) as precursor (Tystar Tytan 4600, 745 °C,
250 mtorr, 43 min), planarize the surface by reactive-ion
etching, and apply three layers of spin-on dielectric (1IC1-200
Futurrex, 3000 rpm, 90 s). After spin-coating each single layer
the sample is placed on a hot plate (120 °C) for 60 s, and finally
we bake it in a convection oven at 120 °C for 30 min. This overall
procedure allows us to embed the disks in a flat layer of low-
index material while ensuring that the no air voids are formed in
the proximity of the silicon disks.
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