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ABSTRACT: Phased-antenna metasurfaces can impart abrupt, spatially dependent
changes to the amplitude, phase, and polarization of light and thus mold wavefronts
in a desired fashion. Here we present an experimental and computational near-field
study of metasurfaces based on near-resonant V-shaped antennas and connect their
near- and far-field optical responses. We show that far fields can be obtained from
limited, experimentally obtained knowledge of the near fields, paving the way for
experimental near-field characterization of metasurfaces and other optical

nanostructures and prediction of their far fields from the near-field measurements.
KEYWORDS: Optical antennas, metasurfaces, SNOM, near field, plasmonics

Various widely used optical components such as lenses,
prisms, and wave plates rely on the gradual change of
phase and polarization of the light as it propagates through
some material.' As nanofabrication technologies have made it
easier to generate structures with length scales smaller than the
wavelength of light, new approaches to controlling optical
wavefronts have emerged. One such approach involves
metasurfaces, which consist of a metallic and/or dielectric
patterned layer (or several layers) with thicknesses much
smaller than the wavelength of light. The term “flat optics” is
sometimes used to describe these quasi-two-dimensional
structures.”> Metasurfaces with spatially varying optical
response have enabled the observation of new optical
phenomena such as anomalous reflection and refraction® and
direct coupling to surface waves,* as well as the development of
ultrathin optical components such as planar lenses,”” spiral
phase plates,® and wave plates.’

A widely studied metasurface comprises metallic V-shaped
antennas which support symmetric and antisymmetric charge
oscillation eigenmodes that can be selectively excited by the
two linear polarizations of light (Figure 1a). By combining the
scattering properties of these two modes, a single V-antenna
can be designed to impart a phase shift between the incident
and scattered light in the range from 0 to 27.>'% As a result
these antennas can be tiled to create a metasurface which
modulates the wavefront of light in a desired fashion. These
metasurfaces are often used in cross-polarization mode (e.g., ref
3), but other modes of operation are possible."”

Since the introduction of these structures, there have been
numerous studies which use metasurfaces for far-field control
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(e.g, refs 1—12) but little work to explore their near-field
properties. Here we characterized the near-field response of
individual, isolated V-antennas around resonance using phase-
resolved scattering-type scanning near-field optical microscopy
(s-SNOM) and compared the experimental results with
numerical simulations. We then examined the near field of an
antenna array which imparts a linear phase gradient onto the
incident light, resulting in anomalous reflection and refraction
in the far field.> We thus established a connection between the
near- and far-field behavior of metasurfaces.

As viewed from the top, our V-antennas consist of two gold
rectangles with length L and width W which are connected at
the center of one end at an angle A (Figure 1a). At the end of
each rectangle is a semicircle of radius r = W/2. We chose V-
antenna geometries such that our present results can be directly
compared to existing far-field experiments in the literature.® In
particular we studied four different types of V-antennas with
opening angles A = 60°, 90°, 120°, and 180°. A V-antenna
supports two fundamental charge-oscillation eigenmodes
(symmetric and antisymmetric). The symmetric mode is
excited when the incident light is polarized along the symmetry
axis § of the antenna, while the antisymmetric mode is excited
by light polarized along &, which is orthogonal to § (Figure 1a).
We first characterized the fundamental first-order resonances in
the near field for both modes of isolated V-antennas which are
the building blocks of our metasurfaces.
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Figure 1. (a) Schematic of the V-antennas studied in this work. Each antenna is defined by its opening angle A, arm length L, and width W. The
symmetric charge-oscillation eigenmode is excited by light polarized along the symmetry axis of the V-antenna §, and the antisymmetric mode by the
orthogonal polarization (along ). The thick arrows with a color gradient indicate the direction of the current flow in each eigenmode while darker
colors represent higher average charge density. The 180° (linear) antenna features only one fundamental eigenmode. (b) Schematic of s-SNOM
antenna mapping. The antennas are illuminated from the substrate side at normal incidence with a y-polarized CO, laser beam (4 = 9.3 ym). The
symmetric (top sketch, blue) and antisymmetric antenna modes (bottom sketch, red) are excited by aligning the antennas such that § and 4 are
parallel to the polarization of the incident light, respectively. A dielectric tip locally scatters the antenna’s near field. Interferometric detection of the
scattered light yields the vertical near-field component E, and enables calculation of the near-field intensity I, = |E,/* and the near-field phase ¢, =
arg(E,) (see Methods section for more details). A full diagram of our s-SNOM setup can be found in ref 3S.
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Figure 2. Experimental (exp) and simulated (sim) near-field maps of the symmetric mode of the A = 120° antennas for different antenna sizes
(polarization of the incident light E; . and orientation indicated in the top right panel): scanning electron microscope (SEM) images, near-field
intensity, and phase for the z-oriented electric field component. Both the calculations and the experimental measurements show that the near-field
phase varies as a function of antenna size with most of the variation occurring when the antenna is near resonance, where the intensity reaches its
maximum. We use a grayscale filter in the phase plots to de-emphasize the area not directly above the antennas.

The conventional way to probe an antenna resonance is to
look at the response of some quantity (e.g,, near-field intensity)
for a single antenna as a function of wavelength."? Because of
experimental limitations, we instead pursued a complementary
approach where the wavelength is fixed (4 = 93 um),
measuring a series of isolated antennas of varying sizes."*™"
This is roughly equivalent to measuring the wavelength-
dependent spectrum of a single antenna due to the scale
invariance of Maxwell’s equations and the fact that at mid-
infrared wavelengths gold behaves similarly to a perfect electric
conductor,'® and thus its dispersion can be ignored. We scaled
the length L and width W, maintaining the thickness constant
since it does not change the resonance frequency significantly
(see Supporting Information, Section 4). Eleven antenna sizes
were chosen for each opening angle A, and the arm length L

and width W increase in equidistant steps from the smallest to
the biggest antenna, such that the ratio L/W is kept constant.
The range of sizes was chosen such that the resonances for both
modes are observed in the experiment.

Using electron beam lithography with lift-off, the 50 nm thick
V-antennas were fabricated with gold (Au) on top of a silicon
(Si) substrate with a S nm titanjum (Ti) adhesion layer in
between (Figure 1b). We utilized s-SNOM in transmission
mode,"” ! which provides amplitude- and phase-resolved near-
field mapping. By combining experimental s-SNOM measure-
ments with finite-difference time-domain (FDTD) simulations
of the antennas, we gained access to detailed information about
the charge distribution at, around, and away from resonance.
For this study we considered the intensity I, = |E,J* and the
phase ¢, = arg(E,) of the vertical near-field component E, (see

DOI: 10.1021/acs.nanolett.5000692
Nano Lett. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.nanolett.5b00692

Nano Letters

SEM

b .--.-.-.-.IH
0
m

@z exp -

Pz sim

Figure 3. Experimental and simulated intensity and phase maps as described in Figure 2 for the antisymmetric mode of the A = 120° antennas.

Methods section for details). Due to space limitations, we only
present the symmetric and antisymmetric modes of the A =
120° antennas in the main text; the results for all other values of
A can be found in the Supporting Information (Section 1).

Figure 2 shows the experimental and simulated intensity and
phase maps of the near field for the symmetric mode, while
Figure 3 shows the antisymmetric mode. The experimental data
for the 11 antennas of the same shape, but increasing size is
obtained in a single s-SNOM scan, thus allowing for a direct
comparison of near-field intensity and phase between the
antennas. On the sample each antenna is 5 ym away from its
neighbors to minimize coupling without making the overall
scan area too large. For visual clarity, the intensity plots in
Figures 2 and 3 are normalized to the highest intensity value.
For the symmetric mode (Figure 2) both of the tips and the
vertex of each V-antenna are bright, while in the antisymmetric
mode (Figure 3) the vertex stays dark, indicating no field
buildup at the center. This makes it easy to distinguish between
those two modes. The last two rows show the near-field phase
above the antenna surface in the experiment ((pz’exp) and the
simulations (¢, gp,)-

For a detailed analysis of the resonance behavior of the
antennas measured in Figures 2 and 3, we assigned an averaged
intensity value I,,,, to each antenna in order to compare the
near-field enhancement for the different antenna sizes (Figure
4a). This quantity is the average value of all the intensity data
points directly above one individual V-antenna. We also read
out the phase at the left tip of each antenna to observe the
variation of the phase response across the resonance (Figure
4b) (see Methods section for details on visualization and
analysis). The resonance of the antisymmetric mode (red
curves) occurs for L & 0.65 ym and for the symmetric mode
(blue curves) for L ~ 1.3 um, as can be appreciated from the
near-field intensity plots (Figure 4a). This factor of ~2 between
the resonance wavelength of the symmetric and antisymmetric
modes is expected since the current travels approximately twice
the length per optical cycle in the antisymmetric mode (Figure
1a). From below resonance to above resonance the near-field
phase varies by approximately 7. Figure 4 shows that, by
changing the size of the antenna, a specific phase value can be
selected, which enables the creation of antenna-based
metasurfaces as discussed below.
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Figure 4. Plots of the averaged near-field intensity I, ,, (a) and phase
@, (b) for the A = 120° antenna antisymmetric mode (red) and
symmetric mode (blue) as a function of antenna size, represented by
the arm length L. Simulation values are plotted as a solid line while
crosses indicate the experimental values. For each 11-antenna series,
the intensities are normalized to 1. For each mode the antenna closest
to resonance was remeasured with high resolution (128 X 128 points).
The two transparent red and blue bars highlight these two antennas in
plots (a) and (b). These additional measurements are presented in (c)
and (d) for the antisymmetric mode and the symmetric mode,
respectively. The phase values in (b) are taken at the position
indicated by the cross in (c) and (d).

For each measurement series, we acquired high-resolution
near-field images of the resonant antisymmetric and symmetric
modes. In Figure 4c,d, we show the high-resolution images of
the 120° V-antenna, while images of the other antennas are
included in the Supporting Information (Figures S2, S4, and
S6). The measurements agree well with FDTD calculations,
confirming that transmission-mode s-SNOM allows for reliable
mapping of two-dimensional antenna structures.

The minor discrepancies in Figure 4ab between the
simulation and experimental data of the symmetric mode
(blue plots) for arm lengths L < 1 gm are attributed to a small
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Figure S. (a) Experimental (exp) and simulated (sim) near-field maps for the unit cell (I', = 12.7 ym X T’ , =174 um) of a metasurface antenna array
that introduces a phase gradient of —27/T", to the incident light which is polarized to excite both antenna modes with the same field component:
scanning electron microscope (SEM) images, near-field intensity and phase for the z-oriented electric field component. Eight additional simulations
were performed treating each of these V-antennas individually in an isolated environment (iso). (b) Extracted near-field phase at the right-most tip of
the V-antennas from (a), revealing a near-field phase gradient across the unit cell. Circles mark the experimental near-field phase @perp and the
position for each of the eight data points; the solid line shows the data for the simulated near-field phase @, . The crosses in the plot mark the near-
field phase values @, ;, above the right-most tip for the respective isolated antennas. (c) Dipole model to represent the unit cell. Each V-antenna is
approximated by two dipoles in the center of both arms. The amplitude and phase values for each dipole are taken in the near-field data of (a) at the
respective tip of the V-antenna. (d) Schematic side view of the experiment demonstrating the generalized law of refraction.® The incident y-polarized
light hits the metasurface from below at normal incidence. The s-polarized part of the scattered light continues along the surface normal (normal
refraction), whereas the p-polarized part is scattered away from the surface normal at an angle 6 (anomalous refraction). (e) Plots of the intensity I,
(p-polarized) in the far field vs 6: We plot the far field for one unit cell (pink) and for a 200 gm X 200 ym array (black) using the dipole model with
the experimental (i) and simulation (ii) near-field data and compare it to the far-field projection from full-wave simulations (iii). The green arrow
shows the predicted angle 6y, according to the generalized law of refraction.
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amount of coupling between nearby antennas (see Supporting
Information, Sections 2 and 3 for more details). Otherwise the
experimental and simulated data sets match well, though we
observe a small shift of the average intensity I,,,, for both
modes such that the experimental values I, .., are shifted
toward the bigger antennas in relation to the simulated I, .y gim-
In terms of a wavelength-dependent intensity distribution
L,,g(4) for a fixed antenna size this would imply a blue-shift of
the experimental data I, .y,(4) with respect to the simulation
values I,y im(4). We have been unable to determine the origin
of this shift; after ruling out the effects of the native silicon
oxide on our substrate as well as coupling to neighboring
antennas via simulations and double-checking all geometrical
parameters of our fabricated samples with SEM and AFM, we
present the results as they are.

On basis of these isolated V-antennas, we examined the
collective near-field behavior of antenna arrays. We focused on
an array which is essentially identical to the one used in
previous experiments demonstrating anomalous refraction and
reflection,>***> but with V-antenna sizes rescaled for our
operating wavelength 4 = 9.3 um. As shown in Figure 4b, the
phase response of a single antenna mode can roughly vary
between 0 and 7 depending on the antenna size, so for full
control of the wavefront (i.e, 0 to 27) both antenna modes
have to be utilized. As in previous experiments,>*> we align this
unit cell such that the symmetric and the antisymmetric modes
are both excited by the y-polarized incident light for all of the
antennas. The unit cell of this metasurface contains eight V-
antennas (Figure S) which were designed to introduce a
constant phase gradient —2z/I", along the x-axis to the light
scattered in cross-polarization, where I', is the length of the unit
cell in this direction, along with a uniform scattering
amplitude.”*>® The symmetry axis § of the first four antennas
of the unit cell is oriented along the 45° diagonal between the
x- and y-axes, and their opening angles are A = 60°, 90°, 120°,
and 180°, the same angles we examined for the isolated V-
antennas above (Figures 1—4). The second four antennas are
copies of the first four, but rotated clockwise by 90° (Figure $).
Our simulations assumed a periodic, infinitely large metasur-
face, whereas in the experiments the array dimension is 2
periods along x and 6 periods along y. The s-SNOM maps are
taken at the center of this array.

Figure 5a shows the experimental and calculated near-field
intensity and phase maps for a unit cell with I', = 12.7 ym (see
Supporting Information, Figure S7 for two additional
experimental and simulated data sets with I', = 15.1 and 17.4
um).

In Figure S5a, we observe asymmetric near-field patterns on
each antenna of the unit cell, indicating that both the symmetric
and antisymmetric antenna modes are excited. Furthermore,
the near-field phase images now show gradients along the
antenna arms rather than abrupt phase jumps as in Figure 4c,d,
which is characteristic of the simultaneous excitation of several
antenna modes."” Note that Figure Sa shows the unit cell with
the highest packing density (the smallest value for I',), where
the eight antennas are very close to each other. This proximity
could yield near-field coupling effects that potentially perturb
the antenna modes.® To estimate the strength of this coupling,
we simulated each of the eight V-antennas independently with
the same incident polarization in an isolated environment. The
results for the near-field maps in Figure 5a match, with only
minor differences between the unit cell in the array (exp and
sim) and the isolated antennas (iso). For a larger unit cell

length I',, where less near-field coupling is expected a priori, we
find even closer agreement with the isolated antennas (see
Supporting Information, Figure S7 for larger values of I',).
Since we are interested in the x-polarized scattered light by
each element, we analyzed the electron oscillations induced in
the antennas along the x-direction. Intuitively the flow of
charges along x (ie., from left to right) can be monitored by
looking at the field variations at one extreme of the antenna
along the x-axis. In Figure Sb we chose to compare our
experimental and computational results for the near-field phase
(@yexp and @, ) to the phase of simulated isolated antennas
®,i0 at the right-most (largest x) point on each antenna, and
find little influence of the nearby antennas for even the highest
packing density. We conclude that near-field coupling in our
metasurfaces is present but minimal, thus not perturbing
significantly the designed scattering amplitude and phases of
the individual antennas.

The expected far-field response of this metasurface—
refracting normally incident light to an angle away from the
normal @y, = sin"'(4/27 d®/dx) where d®/dx = —2x/T, is
the imparted phase gradient—has been well-established in
previous experiments.”*>** The near-field phase image resolves
this constant phase gradient among the eight antennas
comprising the unit cell; i.e., we find a 27 phase shift across
the unit cell with the phase incrementing linearly by
approximately 7/4 for each consecutive antenna (Figure Sb).

To firmly establish the connection between the near field and
the far field, we modeled each of the eight V-antennas as a set
of two radiating dipoles, with each dipole replacing one of the
antenna arms (Figure Sc). The phase and amplitude for each
dipole is assumed to be, to first approximation, the phase and
amplitude of the near field at the arm end (tip), where the fields
are largest. This model allows us to calculate the far field of a
single unit cell by summing the individual contributions of
these 16 dipoles. By periodically repeating this unit cell, we
obtain the refraction angle provided by a fully illuminated
metasurface of size 200 ym X 200 um (see Methods section for
details). As in the previous experiment by Yu et al’ we
distinguish between the normal and anomalous refraction
(Figure Sd). The anomalously refracted (p-polarized) compo-
nent of the far field is plotted in Figure Se. All three methods
used to compute the far fields (the dipole model with
experimental near-field data, the model with simulated near-
field data, and the simulated far field obtained without the
dipole model) agree well. We observe that the array scatters
precisely at the angle Oy, = sin™'(—4/T",) = —47° predicted by
the generalized law of refraction (shown by green arrow in
Figure Se).’> For comparison, we also calculated the radiation
patterns for the metasurfaces with periodicities I', = 15.1 and
17.4 pym; see Supporting Information Figure S8.

Note in Figure Se that the scattered p-polarized field from
one single unit cell of the array Iprunit(ﬂ) is distributed over a
range of angles for all of the three shown methods (pink line,
full width at half max ~38°), while the scattered field from the
array I ,array(e) emerges at only a narrow distribution around
O.ray (black line). Furthermore, the angle of the scattering peak
using just one unit cell is at 8, & —37.5°, slightly off from the
angle predicted by the generalized law of refraction. Despite
this mismatch, the large array scatters at the angle Oy,
determined by this law. To understand this, we observe that
our structure can be likened to a blazed grating** (compared to
a conventional blazed grating, our structure is ultrathin, flat, and
provides polarization conversion) where the phase gradient
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imparted by the single unit cell of the array provides the
“blaze”. Though 6, is not precisely equal to 0,,,, the blaze
selects a single diffraction order of the array which beams light
at precisely 6y,... For this reason such metasurfaces are robust
to small errors in design or fabrication of the individual
antennas.

The ability to connect near-field and far-field behavior of
antenna arrays is significant not only because it enhances our
understanding of metasurfaces, but also because it suggests that
near-field measurements such as phase-resolved s-SNOM can
be used to predict the corresponding far-field radiation patterns
of a wide variety of optical structures. In full-wave electro-
magnetic simulations, complete information about near fields is
commonly used to predict far fields via so-called “far-field
transformations”,>® which are made possible by the surface
equivalence principle.”® These transformations require knowl-
edge of the full vectorial near field along some surface. In
experiments, however, the near-field information is almost
always limited; for example, the present s-SNOM experiment
only provides information about the z-component of the
electric field. Despite this limited information, we demonstrated
here that the far-field response can still be predicted. We
explain this finding by the fact that for thin antenna structures
the z-component of the complex near field is a good proxy for
the time-varying charge distribution in the antennas and hence
their far-field scattering properties. While the dipole model
presented here already yields good prediction of the far field,
we envision more sophisticated models where the near field at
each position on the antenna surface is taken into account.
Such limited-information far-field transformations are worth
exploring further in future studies.

We demonstrated near-field imaging of phase gradients in
optical metasurfaces based on plasmonic V-shaped antennas. By
applying phase-resolved scattering-type scanning near-field
optical microscopy (s-SNOM) at infrared wavelengths, we
measured the oscillating charge distributions in individual V-
shaped antennas and in metasurfaces comprising closely packed
antennas, obtaining results in close agreement with full-wave
simulations. The near-field images showed that tailoring the
size and geometry of the antennas determines their amplitude
and phase response, confirming the mechanism for achieving
optical phase discontinuities. By combining the SNOM
measurements with a model based on oscillating dipoles, we
connected the near- and far fields of phased antenna
metasurfaces, finding that the far-field response can be inferred
from limited, experimentally obtained knowledge of the near
fields. This study paves the way for experimental near-field
characterization of a large variety of metasurfaces based on
metal antennas and a prediction of their far fields from near-
field measurements.

Methods. Fabrication. The antennas were fabricated on
high resistivity (>10000 Q cm) double side polished silicon
using a conventional electron beam (e-beam) lithography
process with lift-off. A double layer of poly(methyl
methacrylate) (PMMA) resist (495A4, then 950A2; Micro-
Chem) was spun at 4000 rpm onto the silicon wafer, baked at
180 °C for 3 min, and then exposed using a 100 kV e-beam
system (Elionix ELS-F125). After development with 3:1
isopropanol—methyl isobutyl ketone (IPA—MIBK), a § nm
titanium adhesion layer and 45 nm of gold were deposited
using e-beam evaporation, and the lift-off process was
completed in acetone with ultrasonic agitation. For SEM
images of the resulting structures, see Figures 2, 3, and 5.

s-SNOM Measurements. Near-field microscopy setup: we
apply interferometric scattering-type scanning near-field optical
microscopy (s-SNOM)*"* to map our antenna structures.
Our s-SNOM setup is based on an atomic force microscope
(AFM), where commercial silicon tips (NanoWorld, Arrow-
NRC-50) are used to locally scatter the antenna near
field.'#>>1292%3% The sample and tip were illuminated from
below at normal incidence with a weakly focused CO, laser
beam at 4 = 9.3 ym (transmission-mode s-SNOM'??%3) thus
ensuring homogeneous illumination of a relatively large area on
the sample (i.e, covering each complete series of antennas in
Figures 2-S) without phase-retardation effects. This illumina-
tion closely approximated a plane wave, matching the
experimental conditions in the original far-field experiments.®

In all of the presented experiments the illuminating beam
propagated in the positive z-direction and its polarization was
fixed along the y-axis. Excitation of the symmetric mode for the
isolated V-antennas in Figure 2 was achieved by aligning the V-
antennas’ symmetry axis § along the y-direction. Likewise,
excitation of the antisymmetric mode in Figure 3 was achieved
by aligning the axis @ along the y-direction. To avoid sample
rotation between the measurements, we fabricated two sets of
V-antennas on the same substrate where the individual
antennas of the second set (antisymmetric mode, Figure 3)
were rotated by 90° with respect to the antennas of the first set
(symmetric mode, Figure 2).

Using a parabolic mirror we collected the tip-scattered light
in the x-direction at an angle of 60° from the surface normal.
The tip-scattered near field was interfered with a phase-
modulated, vertically (z-) polarized reference beam at the
infrared detector and recorded simultaneously with the sample
topography. Background contributions could be fully sup-
pressed by vertical tip oscillation at a frequency Q = 250 kHz
(tapping-mode AFM) and by subsequent higher harmonic
demodulation of the detector signal at 3Q.2! In this case, the
vertical polarization of the reference beam selected the p-
component of the tip-scattered light, which mainly contains the
vertical (z-) component of the antenna near fields."**** Using
this pseudoheterodyne detection module (www.neaspec.com)
the amplitude |E,| and phase ¢, of the vertical near-field
component E, were measured for each scanning point. The
near-field intensity is then easily calculated by I, = |E I~

Note that it has been found recently that there are different
scattering mechanisms in s-SNOM imaging of metal anten-
nas:">% (i) direct scattering of the antenna near fields by the
tip into the far field (detector) and (ii) scattering of the antenna
near fields by the tip via the antenna itself. When imaging
resonant linear antennas, excitation with s-polarization and
detecting the s-component of the scattered light is mainly based
on mechanism (ii), while detecting the p-component is mainly
based on mechanism (i), where the latter was found to
essentially yield the z-component, E,, of the near fields on the
antenna surface.*® In our case we aligned the V-antennas such
(see Figure 1b) that the excited dipole moment radiates with s-
polarization in direction of the detection. In this configuration,
the p-component of the scattered light is mainly based on
mechanism (i) and we essentially detect the vertical (z-)
component of the local near fields, which is furthermore
supported by the good agreement of the experimental images
with the simulations in Figures 2—S.

Simulations. The FDTD simulations were performed using
“FDTD Solutions” from Lumerical running on a workstation.
For Figures 2 and 3 (also the S5 isolated antennas in the
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Supporting Information, Section 1) and the isolated V-antennas
of Figure S, the simulation of each V-antenna was done inside a
volume of 6.2 ym X 6.2 uym X 1.5 pm using a total-field
scattered-field (TFSF) plane wave source (4 = 9.3 um) with
perfectly matched layer (PML) boundary conditions. In
contrast to the experiment these V-antennas are truly isolated
since there are no excited antennas nearby, which could
influence each other.

The simulations for the three antenna arrays (Figure Sa and
Supporting Information, Figure S7) use periodic boundary
conditions to define a single repeating unit cell with eight
antennas in it. A plane wave (4 = 9.3 ym) was launched from
the silicon side to illuminate this antenna array. So, we simulate
an infinite array whereas in the experiment we measure in the
middle of an array of limited size. In all of our simulations we
neglect the influence of the cantilever with the silicon tip and
the roughness of the gold surface. The relevant monitor
(frequency-domain field and power monitor) for the near field
was located at a height of 40 nm above the antenna surface
where we obtained a good match with the experimental near-
field images.'”*® We took the complex refractive indices given
by Palik® for Ti, Au and Si.

Visualization and Analysis of the Near Field. The
visualization and analysis of experimental and simulated data
was performed using Matlab. We used the intensity and phase
of the complex near-field component E,. For visual comparison
we plot the intensity I, = |E_I* and phase ¢, = arg(E,) for all of
the V-antennas (compare to Figures 2 and 3). The colorbar for
the intensity maps in Figures 2, 3, and S is stretched to show
the whole series of resonant and nonresonant antennas in one
colorscale; this was not needed in Figure 4 where just one V-
antenna is shown and the conventional “hot” colorscale was
used. In order to analyze the near-field response of each
isolated antenna we took two physical quantities for each
antenna. First we calculated one distinct average intensity value
I, for each antenna, which is the sum of all the single
intensity data points above the actual antenna position divided
by a unitless factor referring to the top-surface area of the
respective V-antenna. Then, for each V-antenna series of 11
antennas the average intensity was normalized to unity (Figure
4a). The phase value was measured as the second quantity. For
the analysis of Figure 4b we defined the phase as the phase
value of that point of the left V-antenna tip, where the intensity
reaches its maximum. These are data points with a strong signal
and thus reliable phase values. Then all of the phase values in
each antenna series have been shifted up or down by a constant
factor so that the phase value equals 7 /2 at the peak of the I, ,,
graph (compare to Figure 4).

Calculation of the Far Field. Our model treats each arm of
the V-antenna as a radiating dipole. These two dipoles are
oriented parallel to the arms they replace and are located in the
center of the respective arms. The phase and amplitude for each
dipole are extracted at the arm end (tip). Then for each of these
radiating dipoles p we can calculate the exact electric field
Edip(r, p) in air at a given position r in the far field *** In this
approximation we neglect the silicon substrate.*’

We found the far field by calculating the electric field on a
semicircle in the xz-plane above the metasurface with a radius
of d = 1 m (Figure 5d). For each position on this circle in the
far field the total electric field scattered by one unit cell can be
calculated using the superposition principle by summing up the
fields created by the 16 dipoles of this unit cell, E,(r) =

1Eg,(r — 1, p;) where r, is the position of the i-th dipole in

the unit cell. To model a finite-size incident beam, we sum E;
over of 16 unit cells along x and 115 cells along y, to obtain an
array with the size of about 200 gm X 200 ym. This way using
all of the dipoles we calculate the total electric field scattered by
the metasurface E,..y(r) = Y, Eunie(ru(ny 1)), with r, being

the center of the unit cell (n, ny).
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Experimental and simulation data for V-antenna types not
shown in the main text. Near-field maps and far-field
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