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Chiral Surface Lattice Resonances

Eric S. A. Goerlitzer, Reza Mohammadi, Sergey Nechayev, Kirsten Volk, Marcel Rey,
Peter Banzer, Matthias Karg, and Nicolas Vogel*

Collective excitation of periodic arrays of metallic nanoparticles by coupling
localized surface plasmon resonances to grazing diffraction orders leads to
surface lattice resonances with narrow line width. These resonances may
find numerous applications in optical sensing and information processing.
Here, a new degree of freedom of surface lattice resonances is experimentally
investigated by demonstrating handedness-dependent excitation of surface
lattice resonances in arrays of chiral plasmonic crescents. The self-assembly
of particles used as mask and modified colloidal lithography is applied to
produce arrays of planar and 3D gold crescents over large areas. The excita-
tion of surface lattice resonances as a function of the interparticle distance
and the degree of order within the arrays is investigated. The chirality of the
individual 3D crescents leads to the formation of chiral lattice modes, that is,

surface lattice resonances that exhibit optical activity.

A strategy to produce metasurfaces exhibiting strong optical
properties is to arrange metal nanostructures in defined lat-
tices. The localized surface plasmon resonances (LSPRs) of the
individual metal nanoparticles can be coupled to the diffractive
lattice mode of the array, leading to the formation of surface
lattice resonances (SLRs).' These resonances are also called
surface lattice modes or collective localized surface plasmons,
but should not be confused with collective modes in plasmonic
molecules that arise from near-field coupling of the parental
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resonances.>®1 A collective excitation
(SLR) possesses a reduced linewidth as
compared to the excitation of the LSPRs
in nanoparticle ensembles.’4 Thus, SLRs
can provide high quality-factor metasur-
faces with substantial impact in nanopho-
tonic and sensing applications.™l

Oblique incidence on planar meta-
surfaces constructed of an array of
split-ring  resonators  showed  that
SLRs can also selectively respond to
the handedness of circularly polar-
ized light, causing sharp lattice-mode
assisted extrinsic circular dichroism./*]
The spectral position of these SLRs
can be tuned by the angle of incidence,
leading to the emergence of extrinsic
chiral surface lattice resonances.*%
Strong optical activity can also result from plasmonic 3D
nanostructures without mirror symmetry. However, SLRs
from arrays of 3D building-blocks with intrinsic chirality
remain unexplored, but promise decreased losses and enhanced
optical activity.l"13]

The fabrication of chiral 3D nanostructures is challenging
for both, bottom-up and top-down methods.'*1¢ Recently,
the excitation of SLRs was seen in self-assembled, large area
colloidal systems.["”8 Such systems offer the possibility for fast
manufacturing and covering large-areas on different substrate
materials.™® Colloid-based materials allow for embedding of
nanoparticle arrays into flexible free-standing polymer films, 2"
enabling the design of mechanically tunable? and stimuli-
responsive hydrogel membranes.[??

Here, we use colloidal lithographyl?*-?! to fabricate arrays
of 3D crescents with a selective response to the handedness of
incident circularly polarized light, and we experimentally demon-
strate handedness-dependent (chiral) SLRs at normal inci-
dence. Colloidal lithographyl?>-2°! is an experimentally simple
and fast process to fabricate 3D chiral plasmonic nanostruc-
tures.[?-28] However, a necessary condition to observe SLRs in
such nanostructure arrays is that their lattice constant must
be in the range of the wavelength of the LSPRs of the indi-
vidual nanostructures.'™ For objects with resonances in the
near-infrared, such as, for example, split ring resonators, this
requires large interparticle distances approaching the micro-
meter range. For conventional colloidal lithography processes,
which depend on the controlled shrinkage of a polymer par-
ticle matrix, such distances are not easily achievable.l228-30]
Therefore, we use core—shell particles with rigid cores (silica)
and soft, deformable polymer shells.3%32] The particles self-
assemble into hexagonally ordered monolayers at the air/water
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interface, where the polymer shell provides a flexible spacer
to separate the inorganic core particles.>*! Our method opens
the possibility of tuning the lattice constant independent of the
core particle diameter. We can therefore produce nanostructure
arrays with large interparticle distances required to observe
SLRs. We experimentally confirm the feasibility of our methods
by fabricating arrays of 3D crescents with controlled interpar-
ticle distances resulting in the appearance of chiral SLRs.

We use core-shell particles consisting of SiO, cores (d =
198 nm) with soft poly(N-isopropylacrylamide) (PNiPAm) shells
(Figure 1a) and self-assemble them at the air/water interface
of a Langmuir trough.?3 The soft PNiPAm shell separates the
silica cores, which form a non-close-packed hexagonal lattice.
The interparticle distance of the silica particles in the resulting
lattice can be controlled via the shell thickness or the degree of
compression at the interface (Figure 1b).13>34 After transferring
the colloidal monolayer to a substrate via the Langmuir—Blodgett
technique, we remove the organic PNiPAm shell with oxygen
plasma (Figure 1c). Subsequently, we employ the particle mono-
layer as a mask to produce arrays of chiral crescents, which
exhibit structural chirality (Figure 1; details in Figure S1, Sup-
porting Information).?#3>3 Initially, a layer of silicon dioxide
(20 nm) is deposited by reactive silicon monoxide evaporation
on a tilted substrate coated with the colloidal monolayer (eleva-
tion angle a = 30°) to deposit material underneath the particles.
In the next step, the substrate is rotated by 90°, and a layer of
titanium (1 nm) as an adhesion promoter and gold (40 nm) are
evaporated under the same elevation angle (Figure le). The rota-
tion leads to a different azimuthal angle (y = 90°) between the
gold and the silicon dioxide films. Directed physical etching
using Ar ions normal to the surface finally removes all mate-
rial not shielded by the particle mask. The crescent-shaped
nanostructures form in the substrate areas shadowed by the
particles and remain on the substrate after removal of the par-
ticles (Figure 1f). The mutual rotation between the gold and
the silica layer provides a dielectric step in the middle of the
crescent. This step breaks the mirror symmetry and therefore
induces chirality. The resulting chiroptical properties can be
controlled by the thickness and the position of the dielectric
step (Figure 1g,h).?® Side-view scanning electron microscopy
images (SEM) show the 3D geometry of the produced crescents
(Figure 1i,j). Achiral (flat) crescents were fabricated by the same
method by omitting the silicon dioxide deposition step.l*-3°]

To support SLRs, a sample must fulfill at least four criteria:
i) the plasmonic particles are arranged in a proper lattice,l*0*!
ii) with a sufficiently large domain size (=20 particles),74#]
iii) with a lateral interparticle spacing that leads to grazing
orders of diffraction that spectrally overlap with the LSPR, iv)
within a homogenous refractive index environment.? These
criteria can be fulfilled on smaller array sizes using conven-
tional lithography approaches, allowing for the appearance of
very sharp SLR features. However, a colloid based method—
covering cm? areas—inherently features small fluctuations and
irregularities with respect to the lattice position. Hence, we thor-
oughly analyzed our produced nanostructure arrays to investi-
gate the influence of structural imperfections on the collective
plasmonic properties. We first focus on achiral planar crescents
to separate the influence of structure and order of the arrays
from the effects of chirality observed in the 3D crescents arrays.
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Figure 1. Schematic illustration of the colloidal lithography approach to pro-
duce arrays of chiral single crescents exhibiting chiral surface lattice reso-
nances (SLRs). a) Structure of SiO,~PNiPAm core—shell particles at the air/
water interface showing the separation of the silica cores through the soft
polymer shells. b) The nearest neighbor distance (Dy,,) of the array can be
controlled by either the shell thickness (Dspey) or by the degree of compression
on a Langmuir trough. c) Transfer of the particle arrangement onto a glass
substrate and removal of the polymer shell by oxygen plasma. d) Evaporation
of silicon dioxide (20 nm) with an elevation angle of or= 30° with respect to
the surface normal. €) Evaporation of titanium (1 nm, adhesion promoter)
and gold (40 nm) under an azimuthal twist angle (y=90°) after rotation of the
substrate. The enantiomeric counterpart can be produced by twisting into the
opposite direction (y=—-90°). f) Directed physical etching along the surface
normal and removal of the particle mask using adhesive tape produces an
array of crescent nanostructures. g) lllustration of the geometry of a 3D chiral
crescent. h) lllustration of the final lattice composed of chiral crescents used
to excite chiral SLRs. i,j) Side-view SEM images of the fabricated crescents
showing details of the geometry and the arrangement in a hexagonal array.

In a previous theoretical work on lattice modes in silicon
disk arrays, it was shown that lateral displacements, as well as
size deviations, do not hinder the excitation of lattice modes,
but significantly broaden their spectral appearance.®! Similar
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results were also shown for colloid-based systems, where the
polydispersity of gold nanoparticles influenced the Q-factor
(AsLr/FWHM) of the SLRs.?!l The diameter of our templating
silica particles is 198 nm *+ 3 nm, leading to a polydispersity
of about 1.5% of the produced plasmonic crescents.¥l SEM
reveals the hexagonal arrangement of the prepared crescent
array (Figure 2a,b), while the optical photograph of a sample
with the polymeric shell on top visualizes the polycrystallinity
of the sample by its structural color (Figure 2c). The grain size
exceeds several square millimeters in some cases, as illustrated
by the appearance of Bragg peaks under illumination of a col-
loidal monolayer with a hand-held 405 nm laser (Figure 2e).

To investigate lateral fluctuations inside individual grains, we
took at least ten images per sample (image area =980 um?) of four
crescent arrays with varying lattice constants. All images were
recorded before removing the masking silica particles. We identi-
fied individual particles in each image and calculated their corre-
sponding radial distribution functions (g%(r), pair correlation func-
tions). We averaged the radial distribution functions of the indi-
vidual images, and normalized their radii to the nearest-neighbor
distance Dy.,. The radial distribution functions of all samples
indicate at least four periods of ordering. Thus, we expect that the
single crystalline domains contain at least 31 particles, which is
sufficient to support SLRs.74>#} Figure 2d exemplarily shows the
analysis of two characteristic samples with different interparticle
distances (Dpex = 658 nm and 684 nm; see Figure S2a, Supporting
Information, for the full set of samples). As a result of the nor-
malization, the peak at /Dy, = 1 appears as the global maximum
(Figure 2d). The small peak at shorter distances (r/Dype < 1) is

a ) " o Iclieal (norm)
~——— 658 nm
—— 684 nm

ier

=

(0]
e
= 1=
w 0

Figure 2. Structural analysis of arrays of planar, achiral crescents.
a,b) Low- and high-magnification SEM images of a crescent array with
Dhpex = 870 nm. The images highlight the typical ordering of such large-
area samples prepared by the self-assembly process. c) Optical photo-
graph of the self-assembled core—shell particles on a glass substrate.
d) Averaged radial distribution function (g?(r), pair correlation function)
with the radii normalized to the nearest-neighbor distance (r/Dy,,) for two
exemplary samples (658 and 684 nm). e) Bragg reflections visible on a
screen behind the sample upon illumination with a 405 nm laser pointer,
indicating a macroscopic order within the sample.
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caused by particle duplet impurities. However, it appears with a
very small probability. The sharper and more distinct peaks in the
radial distribution function clearly show the higher degree of order
of the sample with Dy, = 684 nm compared to the sample with
Dpex = 658 nm (details in Figure S2, Supporting Information).

Figure 3 compares the simulated and experimental optical
properties of planar crescent arrays. We measured transmission
spectra of linearly polarized light using a commercial UV-vis-IR
spectrometer (Figure 3a). We match the refractive index (RI) by
an oil (n = 1.518) sandwiched between the substrate and a glass
cover slip. The collimation angle in this instrument is approxi-
mately 3°, which will further broaden the measured spectra
(details in Supporting Information).

If measured in air, the planar crescent array with Do, = 684 nm
shows an LSPR at around 830 nm (Figure 3b, dashed lines)
when illuminated with polarization in the Y direction, that is,
parallel to the short axis of the crescents, typically termed Ul
resonance. For light polarized along the X direction, that is,
parallel to the long axis of the crescents, a dipolar resonance
is excited at 1250 nm, and a quadrupolar resonance appears
at 677 nm. These resonances have historically been termed C1
and C2, respectively, as the crescent reads as a letter “C” for a
polarization along the long axis, and as a letter “U” for the short
axis.l¥”3%] For a more convenient comparison with literature, we
use both nomenclatures (X/C and Y/U) simultaneously.
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Figure 3. Simulated and measured optical response of planar achiral cres-
cent arrays to linearly Y/U-TE polarized light. a) Schematic illustration of
the excitation scheme and relative orientations of the nanostructure and
the incident light beam for the incident Y/U-TE polarization used in exper-
iments and simulations. b) Spectra of the sample with Dy, = 684 nm
with and without refractive index matching. With homogeneous refractive
index, a surface lattice resonance (U-SLR) appears for the incident Y/U-TE
polarization c) Angle-resolved optical measurements, obtained by tilting
the sample, show a splitting of the U-SLR in the diffraction orders (1,0)/
(-1,0) for the same sample. Spectra are shifted upward by 5% for clarity.
d) Simulated spectra of hexagonal crescent arrays with D, between 450
and 900 nm for the incident Y/U polarization. Spectra are shifted upward
by 10%. e) Experimentally measured spectra of crescent arrays with sim-
ilar lattice constants as in (d). Spectra are shifted upward by 5%.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85UB017 SUOWIWIOD SAIERID 3(dedl|dde 8Ly Aq peusenob ae sapiie YO ‘8sN JO Sa|nJ 0 A%iq1T8UIIUO AB]IM UO (SUORIPUOD-PLR-SULBYWI0D A8 | 1M Ale.dl1|Bul [UO//:Sdny) SUONIPUOD Pue SUWLB | 8L 88S *[202/20/2T] Uo Areiqiauluo A8|1m 4617 Jo 80UB10S /8E IdIN A OEET00Z02 BWIPR/Z00T OT/I0p/Lod A | 1M AIq1euljuo//:Sdny Wouy pepeojumod ‘2z ‘0202 ‘S60rT2ST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

The optical response drastically changes upon RI matching
with the substrate (Figure 3D, solid lines). Due to the increased
refractive index, the C/X resonances (Cl, C2) are slightly
broadened and red-shifted to 1465 nm and 748 nm, respectively.
The U1 resonance is now able to couple to a Bragg mode,!"3] as
seen by the splitting of the resonance into two peaks. Beside the
LSPR, which is diminished in strength, an SLR in U polarization
(U-SLR) appears at 984 nm. Once the sample is tilted and
illuminated with Y/U-TE polarized light (Figure 3a), we see the
presence of diffraction orders (1,0) and (-1,0) (Figure 3c) with
a vanishing band-edge mode (U-SLR). A similar behavior has
recently been demonstrated for the C2 resonance of crescent-
shaped nanostructures arranged in a square lattice and further
indicates the diffractive nature of the resonance.[*4¢]

Next, we investigate the dependence of the U-SLRs on
the interparticle distance (D) of the nanostructure arrays
(Figure 3d,e). If the interparticle distances of the arrays are too
small, the resonances broaden compared to individual spectra.l*’]
At Dy, > 600 nm, the grazing diffraction orders start to couple to
the localized U1 resonance and U-SLRs are observed due to suffi-
cient spectral overlap of the two resonances. With increasing lat-
tice constants, the (1,0) Bragg mode shifts to longer wavelengths,
that is, further away from the LSPR. Thus, the coupling effi-
ciency decreases until the U-SLR vanishes for Dy, significantly
above 900 nm (see full set of the simulated spectra in Figure S3c,
Supporting Information). The near fields for the U1 resonance
visible in the electromagnetic field maps (Figure S4, Supporting
Information) confirm the hybrid character of the SLR, resulting
from diffractive/plasmonic coupling. The experimental spectra
with similar lattice constants match the simulated results
(Figure 3e). The SLR evolves for interparticle distances larger
than 600 nm and shifts to longer wavelengths with increasing
interparticle distances. The different degrees of order of the two
samples with Dy, = 658 nm and Dj,., = 684 nm seen in the radial
distribution functions (Figure 2) are reflected in the experimental
transmission spectra. The latter sample shows sharper and more
defined resonances. Similarly, the broadening of the resonances
in the sample with the largest interparticle distance (Dye, =
870 nm) compared to the simulated spectra is caused by lattice
imperfections in the experimental system. We also observe a sys-
tematic red-shift of the resonances in the experimental spectra
compared to the simulations, which may be caused by surface
roughness or minor deviations in the exact crescent dimensions
and has been observed in similar systems.?*’)

Next, we numerically investigate the response of arrays of
3D chiral crescents (Figure 4). For small lattice constants (e.g.,
Dpex = 400 nm), we observe the excitation of the three LSPRs
with circularly polarized light, without SLRs (Figure 4a). The
difference between right- and left-hand circularly polarized
(RCP, LCP) light (AT = Tgcp — Ticp) is shown in Figure 4b. The
U1 and C1 resonances show different signs in the differential
transmission, in agreement with the behavior of individual
chiral crescents.’® This means that this enantiomer of the
chiral crescents (azimuthal twisting angle y = +90°) transmits
more LCP light at the Ul resonance, and more RCP at the
C1 resonance (solid and dashed lines respectively in Figure 4a).
We previously explained the sign and origin of the differential
transmission of LCP and RCP of individual crescents using a
point-dipole approximation to analyze the magneto-electric
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polarizability.?#*41 In this model, the chiral response results
from simultaneous excitation of electric and magnetic dipole
moments that couple with different efficiency to incident LCP
and RCP polarized electromagnetic waves.**>!]

With increasing lattice constant, an SLR emerges (Figure 4a),
which confirms that the LSPRs of chiral crescents also couple
to grazing diffraction orders of the lattice, similar to the planar
achiral crescents discussed above. The (1,0) diffraction mode of
the lattice couples to the U1 resonance (U-SLR, along the <12>
direction of the lattice) for smaller lattice constants. At larger
lattice constants, where the diffraction wavelength spectrally
overlaps with the CI resonance, SLRs arise from diffractive
coupling to the C1 resonance (C-SLR, along the <01> direction
of the lattice). The different nature of the LSPRs (U1, C1) and
the SLRs (U-SLR, C-SLR) can also be illustrated by their near
fields (Figure 4c,d). The SLRs in arrays of chiral crescents
clearly show their periodic nature and a continuous twisting
of the electric fields, which differs from the uniform field
direction observed for the achiral lattice mode in the planar
crescent array (details in Figure S5, Supporting Information).
The current distributions within the individual nanostructures
(Figure 4d) show the typical near-field characteristics of the
U and C resonances.l?8]

Interestingly, the SLRs show a selective response to circularly
polarized light, where the sign of the differential transmission
follows the trend observed for the LSPRs in the uncoupled
state; that is, U-SLRs show a negative and the C-SLRs a positive
AT for this enantiomer of the structures (Figure 4b). In other
words, the proposed nanostructure platform supports the exci-
tation of chiral SLRs. Furthermore, the magnitude of the dif-
ferential transmission of these SLRs exceeds that of the LSPR
peak transmission for both the U-SLR (e.g. =3.7-fold increase
for Dpex = 600 nm), and the C-SLR (e.g. =6.6-fold increase for
Dpex = 950 nm) and undergo a spectral narrowing (calculated
quality factors can be found in Figure S6, Supporting
Information).

In a proof-of-principle experiment, we demonstrate the
excitation of chiral SLRs for two lattices of chiral crescents with
Dyex = 684 nm and Dy, = 870 nm, which have shown effective
coupling of the Bragg mode to the U1 resonance (Figures 2 and 3).
We first measure the transmission of linearly polarized light
at normal incidence to identify the different resonances
(Figure 5a,b). These spectra of the chiral crescents resemble
the spectra of their achiral analogues (Figure 3e) and enable us
to identify the SLRs (U-SLR) for the incident Y/U polarization
(highlighted by arrows in all spectra).

Next, we repeat the experiment with RCP and LCP light.
The resulting transmission spectra (Figure 5¢) show the same
dominant resonances as for the incident linearly polarized light
(Figure 5b), including the U-SLR for both interparticle distances
(Dpex = 684, 870 nm). The differential transmission spectra show
clear peaks at the spectral positions of the SLRs highlighted by
the vertical arrows in Figure 5d. The peaks in both samples show
the same sign of AT as the localized U1 resonance. The appear-
ance of these peaks demonstrates the presence of chiral band-
edge lattice modes in our system. In contrast to planar objects,
which can only exhibit chiral lattice-modes under oblique illumi-
nation,”! the chiroptical response in our SLRs is caused by the
intrinsic chirality of the 3D building blocks.
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Figure 4. Simulated optical response of arrays of 3D chiral crescents to circularly polarized light. a) Spectra for right and left circularly polarized light of
arrays with Dy, between 400 and 1050 nm. The simulated crescents have a thickness of 40 nm, and a silicon dioxide step height of 20 nm. With increasing
interparticle distance Dy, the SLR first couples to the UT resonance (U-SLR) and then to the C1 resonance (C-SLR). Spectra are shifted upward by 15%.
b) Differential transmission (AT) spectra for the same arrays, showing the selective response of the SLR to circularly polarized light with different signs of
AT: The U-SLR shows a negative sign, while the C-SLR shows a positive sign. Spectra are shifted upward by 5%. c¢) Normalized logarithmic electric near-
field maps and d) current distributions of the LSPR (U1), its U-SLR (for Dy, =700 nm), and the C-SLR for larger interparticle distances (Dpe, = 950 nm).

In conclusion, we applied a modified self-assembly tech-
nique with soft core-shell particles to fabricate arrays of plas-
monic crescent nanostructures with large lattice constants. The
large lattice constants feature spectrally overlapping in-plane
diffraction modes and localized surface plasmon resonances.
Therefore, they allow for the observation of surface lattice reso-
nances. We first investigated the excitation of SLRs in achiral
crescents as a function of the lattice constant of the array and
correlate their spectral properties with the degree of order in
the sample. Using chiral crescents as the building blocks in
the array does not alter the diffractive properties of the system.
The chiral nature of the building blocks, however, leads to the
excitation of intrinsically chiral SLRs that selectively respond
to the handedness of incident circularly polarized light. The
presented chiral 3D-metasurfaces may find applications in
enhanced chiral sensing, handedness-selective coupling to
guided modes, control of circularly polarized fluorescence
emission, or the design of polarization-selective mirrors.
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Experimental Section

Synthesis of SiO,@PNIPAM Core—Shell Particles: The synthesis is
described in more detail in ref. [33]. Purchased chemicals and more
details can be found in Supporting Information. Silica nanoparticles
with a diameter of 198 nm were synthesized via the standard Stéber
method.21102.7 uL MPS (3.9 X 10~ mmol) were subsequently added and
the dispersion stirred for 1 day at 50°C and 60 min at 100°C. The PNIPAM
shell was formed by precipitation polymerization using 282.9 mg
NIPAM (2.5 mmol, 50 mmol L) and the respective amount of BIS
(Table S1, Supporting Information) in a nitrogen atmosphere.’3l The
particles were purified by centrifugation prior to use.

Self-Assembly and Colloidal Lithography: The assembly is described in
detail in ref. [33]. In brief, the SiO,@PNIPAM core—shell particles were
assembled at the air/water interface of a Langmuir-Blodgett trough
and transferred to a cleaned microscope slide (EtOH, oxygen plasma)
at different surface pressures to achieve the different lattice constants
(details in Table S1, Supporting Information).*l The polymeric shells
were removed by oxygen plasma treatment (4 sccm O,, 100 W, 8 min;
Femto SLS, Diener, Germany). Planar crescents were fabricated by
angular metal deposion and directed etching steps following protocols
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Figure5. Chiroptical propertiesofarraysof3Dchiral crescentswithinterpar-
ticle distances of Dy, =684 nm (blue lines) and Dy, =870 nm (green lines).
a) Schematic illustration of the experimental conditions and orientations.
b) Illumination with linearly polarized light along the Y/U axis (solid lines)
shows the localized U1 resonances and their associated lattice modes
(U-SLR; highlighted by arrows). c) lllumination with circularly polarized
light excites the same resonances attainable using incident linearly polar-
ized light, but with different absolute values of transmission for RCP
(solid lines) and LCP (dashed lines). d) The differential transmission
shows peaks at the spectral positions of the LSPRs. An additional peak
in both samples at the spectral position of the SLRs arises (indicated by
arrows), demonstrating their chiral nature.

from literature (details in Supporting Information).’-3% The fabrication
of the 3D chiral crescents is based on a modified on-edge colloidal
lithography approach using a series of angular deposition steps
described in the literature.[?8l The difference to the planar crescents was
the presence of a silicon dioxide step in the middle of the crescents
(details in Supporting Information). Gold was chosen as the material
for the nanostructures because of its inertness and silicon dioxide as the
spacer layer to match the glass substrate.

Characterization: SEM images were taken using a GeminiSEM 500
(Zeiss, Germany). UV-vis—NIR spectra were measured using a conventional
spectrometer (Lambda 950, Perkin-Elmer) with a Glan Thompson polarizer
drive (Perkin-Elmer, B050-5284). Circularly polarized light was obtained by
inserting an additional quarter wave-plate (B.Halle, 600-2700 nm, super
achromatic) with the fast axis rotated by +45° with respect to the linear
polarization to obtain left or right circularly polarized light.

FEM Simulation: COMSOL Multiphysics was used with a hexagonal
unit cell, periodic boundary conditions, and perfectly matched layer
(PML) in Z-direction to simulate spectra between 600 and 1600 nm
in 5 nm steps. The optical constants of gold were taken from
experimental data.”® The refractive index of the environment was 1.5.
The illuminations were two orthogonally polarized monochromatic
plane waves. To obtain circularly polarized light, linear combinations
of the aforementioned orthogonal illuminations with — or + 7/2 phase
difference were applied.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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