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ABSTRACT: Chiral plasmonic nanoantennas manifest a
strong asymmetric response to circularly polarized light.
Particularly, the geometric handedness of a plasmonic
structure can alter the circular polarization state of light
emitted from nearby sources, leading to a spin-dependent
emission direction. In past experiments, these effects have
been attributed entirely to the localized plasmonic resonances
of single antennas. In this work, we demonstrate that, when
chiral nanoparticles are arranged in diffractive arrays, lattice
resonances play a primary role in determining the spin-
dependent emission of light. We fabricate 2D diffractive arrays
of planar chiral metallic nanoparticles embedded in a light-
emitting dye-doped slab. By measuring the polarized photo-
luminescence enhancement, we show that the geometric chirality of the array’s unit cell induces a preferential circular
polarization, and that both the localized surface plasmon resonance and the delocalized hybrid plasmonic—photonic mode
contribute to this phenomenon. By further mapping the angle-resolved degree of circular polarization, we demonstrate that
strong chiral dissymmetries are mainly localized at the narrow emission directions of the surface lattice resonances. We
validate these results against a coupled dipole model calculation, which correctly reproduces the main features. Our
findings demonstrate that, in diffractive arrays, lattice resonances play a primary role into the light spin—orbit effect,
introducing a highly nontrivial behavior in the angular spectra.

KEYWORDS: localized plasmon resonances, surface lattice resonances, k-space polarimetry, chirality, plasmonic nanoantennas,
spin—orbit

P lasmonic nanoantennas can control, manipulate, and chirality.” Chiral objects cannot be superimposed onto their

redirect emission of light by providing an interface mirror image by mere rotations and translations and interact
between plane waves in the far-field and localized differently with right-handed (RCP) and left-handed (LCP)
emitters in the near-field." While intrinsically based on the circularly polarized light (CPL). For chiral molecular matter,
material resonance of free electrons, shape and aspect ratio of this interaction is usually described in terms of far-field
these nanoantennas can be used to tune antenna performance quantities like optical activity, which describes the rotation of
in terms of resonance frequency, near-field enhancement, and incident linear polarization, or circular dichroism, which
spontaneous emission decay rate enhancement.” Moreover, accounts for preferential absorption of right- or left-handed
antenna shape can impart preferential polarization on the circularly polarized light. Several experimental and theoretical
emission of nearby emitters.” Indeed, localized surface plasmon studies have shown that planar chiral structures such as
resonances (LSPRs) supported by anisotropic structures such gammadions® or spirals’ and 3D chiral structures like helices®”’
as nanorods, bowtie antennas, patch antennas, or split rings can can exhibit large optical activity and circular dichroism'®~'* and
strongly favor particular electric field components.3’4 Therefore, can enhance the weak circular dichroism signals obtained from
light polarization plays a key role in the behavior of biological chiral molecules.>'® Chiral nanostructures can also
nanoantennas.
Strong polarization responses are not exclusive to linear Received: November 16, 2015
polarization: plasmonic antennas can be highly selective with Accepted: February 8, 2016
respect to the helicity of light if they possess a geometric Published: February 8, 2016
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Figure 1. (a—c) SEM micrographs of the arrays of (a) achiral, (b) D,, and (c) D_ structures. The pitch of the array is 480 nm. The scale bars of
the main pictures are 500 nm. The inset of each figure shows a zoomed image on the corresponding unit cell. The scale bar is 100 nm. (d)
Fluorescence emission from the dye Rh800 collected from a region far from the plasmonic structures. (e) Schematic of the sample, the
experiment configuration for the k-space polarimetry measurements, and the reference frame. (f) Schematic of the setup. The laser light (A =
620 nm) is focused on the sample from the glass side, and the luminescence is collected on the other side through a 60X objective. After
filtering out the laser with a long-pass filter (LPF) and selecting the desired state of polarization with the quarter wave plate (QWP) and the
linear polarizer (LP), the beam is spatially filtered with a 400 gm diameter pinhole. A flippable Fourier lens allows the CCD to image either
the plane of the sample or the back focal plane of the objective. A band-pass filter (BPF) in front of the camera allows monochromatic Fourier

images to be acquired.

alter the far-field polarization state of fluorescent sources
positioned in their near-field. Split-ring resonators, for example,
have been shown to provide spin control'® of photons emitted
from II-VI semiconductor quantum dots. In a recent
experiment by Meinzer et al,'” it was shown that a planar
chiral arrangement of two silver nanorods embedded in a slab
of achiral emitters gives rise to a substantial asymmetry in the
intensity of LCP and RCP light emitted normal to the sample.
In this experiment, the handedness of emission is inherited
from the handed nature of the localized plasmonic resonances
of the antennas.

In this work, we investigate periodic arrays of planar chiral
antennas interacting with achiral emitters and show that
diffractive resonances play a dominant role in determining
the spin-dependent directional emission. Plasmonic antenna
arrays with pitches comparable to the wavelength are known to
exhibit hybrid plasmonic—photonic modes with very narrow
line widths'® known as surface lattice resonances (SLRs)."”
These modes arise from radiative coupling between LSPRs and
waves diffracted into the plane of the array. For simple antenna
shapes, like rods, this hybrid resonance has been shown to
strongly improve the photoluminescence properties of nearby
emitters™ and, in particular, to drastically modify their angular
emission pattern.”’ While Meinzer et al.'” and Kruk et al.'®
attributed chiral emission properties to the physics of single
antennas, their structures were actually arranged in arrays,
triggering the question of how surface lattice resonances impact
handedness in emission.

We report k-space polarimetry measurements that
quantify how asymmetries in circularly polarized light emission
are distributed over an angle, as mapped across the back
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aperture of a microscope objective. We demonstrate that the
SLR introduces much larger CPL asymmetries at selected
angles than what is observed in experiments that only consider
emission normal to the array.

Sample Design, Optimization, and Characterization.
In this work, we study periodic arrays of chiral and achiral
dimer antennas fabricated on a glass substrate and embedded in
a thin dye-doped polymer layer. We emphasize that, apart from
the small refractive index contrast introduced by the substrate,
the structures considered in this work are not 3D chiral, but
they possess a planar chirality. Previous works have shown*
that planar chiral structures feature strong asymmetric response
for the transmission of CPL because the handedness is reversed
when they are observed from opposite sides.

The achiral dimers consist of two identical silver rod
antennas shifted along their short dimension (Figure 1la).
The planar chiral structures were obtained by further shifting
the rods along their long dimension to obtain a relative
displacement equal to half their length (ie, 60 nm in the
geometry we adopted; see below). According to the direction
of the shift, we labeled the dimers D, and D_, as shown in the
inset of Figure 1b,c. This unit cell is based on the design by
Meinzer et al.'” Figure e illustrates schematically the geometry
of the sample, the chosen reference frame, and the excitation—
collection configuration used for the k-space polarimetry
measurements discussed below.

The geometry of the sample (rods length and array pitch)
was optimized using finite-difference time domain (FDTD)
simulations (with a commercial solver™) to ensure that both
the LSPR and the SLR wavelength fall in the emission band of
the dye used in this experiment, that is, A & 700—780 nm (see
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Figure 1d). We notice that further optimizations (eg, the gap
between the rods) could lead to larger values of the chiral
dissymmetry, but this would go beyond the scope of the
present work. We calculated normal-incidence transmittance
spectra of the sample for different nanorod lengths, array
pitches, and impinging polarizations. Figure 2ab shows the
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Figure 2. Numerical optimization of the sample geometry. (a)
Calculated x-polarized transmittance of an array of achiral
structures for different lengths L of the rods and for an array
pitch of p = 480 nm. The vertical dashed-dotted line shows the
position of the Rayleigh’s anomaly. (b) Calculated y-polarized
transmittance of an array of achiral structures for different array
pitches p and for a rod length of 120 nm. The dashed-dotted line
shows the dispersion relation of the Rayleigh’s anomaly. (c)

Calculated luminescence enhancement for a D, structure with L =
120 nm and p = 480 nm for different luminescence polarizations.

different behaviors for light linearly polarized along (panel a)
and perpendicular to (panel b) the dimer rods. The
transmittance of an x-polarized beam (Figure 2a) shows a
broad minimum, whose spectral position strongly depends on
nanorod length. This feature is identified as the dipolar LSPR of
the dimer plasmonic antenna. For polarization rotated by 90°, a
much narrower transmission minimum appears, with a spectral
position strongly affected by the lattice period (Figure 2b) but
independent of the nanorod length (see Supporting Informa-
tion). Moreover, the dip’s wavelength lies close to the Rayleigh
anomaly condition,'® indicated by the dashed-dotted blue line
in Figure 2b and given by 1 = ng,, X p, where ngy, is the
substrate refractive index and p is the lattice pitch. These
characteristics are typical signatures of the SLR.'® Based on
these simulations and on the emission band of the dye used
(see Figure 1d), we set the single rod dimensions to 120 nm X
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70 nm X 30 nm and the array pitch to p = 480 nm in our
experiments. The vertical shift between the rod centers is 130
nm, and in simulations and experiments the rods are embedded
in a 65 nm thick SU8 polymer layer hosting the dye Rh800.

Having chosen a promising geometry, we evaluated the
average of the square modulus of the electric field in the dye-
doped polymer layer for different impinging beam polarizations.
Due to the reciprocity theorem, this calculation gives a
prediction for the far-field polarized luminescence enhancement
of the dye (averaged over all possible positions in the polymer
slab) expected for emission normal to the sample plane. Figure
2c shows the calculated photoluminescence enhancement
(PLE) for an array of D, structures. The predicted x-polarized
luminescence enhancement shows a broad feature whose
position and line width agree well with the x-polarized LSPR.
The y-polarized signal is instead characterized by a narrow peak,
due to the SLR. When we consider the right- and left-handed
circularly polarized components of the luminescence enhance-
ment, a clear difference between the two signals is visible for
both the LSPR and the SLR. In other words, the simulations
predict a helicity-dependent photoluminescence enhancement
for observation normal to the sample, in agreement with
previous observations.'”

Figure 3a shows measured transmittance spectra of the
sample under white light illumination for different impinging
polarizations and different chirality of the plasmonic structures.
The transmittance of an x-polarized (dashed lines) and -
polarized (solid lines) excitation beam shows the signature of
the LSPR and SLR, respectively, in good agreement with the
calculations (Figure 2a,b). The transmittance curves for the
achiral and chiral structures are, even for a linearly polarized
input, slightly different: the SLR minimum from an array of
chiral structures is blue-shifted by about 10 nm with respect to
an array of achiral antennas. For the LSPR, the shift has
approximately the same absolute value but is opposite in sign.
We attribute this spectral shift to the different near-field
interactions between the two silver rods, caused by the different
geometry of the achiral and chiral structures.

RESULTS AND DISCUSSION

Chiral Photoluminescence Enhancement from SRL
and LSPR. We start by studying how the LSPR and SLR
modify the emission spectra of the dye, measuring in a low-NA
geometry similar to the configuration used by Meinzer et al."”
In these measurements, the sample is pumped from the
polymer side and the luminescence is collected from the glass
side. To calculate the polarized photoluminescence enhance-
ment, we measured the LCP, RCP, and x- and y-polarized
components of the photoluminescence. Each measurement was
normalized to a reference measurement (with the same
polarization) taken from a region of the sample without
structures. Figure 3b—d shows the results for the achiral, D,,
and D_ structures. For the array of achiral structures, the
polarized PLE shows two distinct features for the x (red line)
and y (cyan line) polarizations (Figure 3b). The wavelengths
and line widths of these features agree very well with the
transmittance measurements for the corresponding excitation
polarizations. Therefore, we interpret these enhancements as
the result of the interaction between the emitters and the LSPR
and SLR of the particles’ array. Circularly polarized PLEs show
no difference between LCP and RCP light for the achiral
structures (blue and green curves in Figure 3b).
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Figure 3. (a) Transmittance spectra of the sample for y- (solid
lines) and x-polarized (dashed lines) white light illumination and
for different chirality of the array’s unit cell, as indicated in the
legend. (b—d) PLE for different collection polarizations and for (b)
achiral, (c) D,, and (d) D_ structures. The geometry of the unit cell
is shown in the inset of each plot. The PLE is dominated by the
LSPR (SLR) for the x-polarized (y-polarized) collection. The LCP
and RCP components of the PLE are equal for the achiral structure.
A D, structure, instead, shows a different PLE for the two circular
polarizations; the effect is mirrored for the case of the D_ structure.
In these measurements, the sample is excited from the polymer side
and the signal is collected from the glass side.

In contrast to the achiral structures, the chiral structures
show a clear difference between the LCP and RCP polarized
photoluminescence enhancement. In the wavelength range
spanned by the SLR and the LSPR, an asymmetry of about 20%
is observed between the two circular polarizations. This
difference is mirrored when inverting the geometric chirality
of the structure (cf. Figure 3c,d). In addition to conﬁrming the
effect of the LSPR, already reported by Meinzer et al,'” we
demonstrate here that the emission from the SLR also shows a
pronounced asymmetry in the circular polarization of the light
emitted. While the measured values of the PLE are in good
agreement with the calculations (Figure 2¢) for the LSPR, the
measurements show a broadening and a weakening of the signal
due to the SLR. This effect can be attributed to both fabrication
imperfections and to the finite angular acceptance of our setup.
As the emission from the SLR strongly changes in angle with
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wavelength,”' the sharp peak calculated for emission normal to
the sample (Figure 2c) is broadened by angular integration over
our setup NA.

Even far from any plasmonic resonances, the measured
polarized photoluminescence enhancement has a value of about
2. According to the FDTD calculations (ie., at fixed source
strength), the PLE is expected to be about 1.5 at a wavelength
of 650 nm (see Figure 2c) when ignoring the pump field
enhancement. Numerically evaluating the enhancement of the
electric field at the laser wavelength excitation (4 = 620 nm),
we found a spatially averaged value of 1.4, which leads to an
overall expected PLE of about 2.1 (given by the product of the
excitation and emission enhancement), in a good agreement
with the measurements.

k-Space Polarimetry Measurements on Planar Chiral
Plasmonic Antennas. We now discuss the polarized angular
emission of the sample measured with the k-space polarimetry
setup shown in Figure 1f and described in more detail in the
Methods section. As shown in previous works,'>*>*® by
combining a Fourier microscope and a polarimeter, we can
measure the Stokes parameters (which describe the full
polarization state of the emitted light; see the Methods
section) for each point of the back focal plane of the objective,
that is, S; = S;(kyk,). Furthermore, by using different narrow
band-pass filters in front of the detector, we can measure the
Stokes parameters as a function of the emission frequency
within the emission band of our dye. Therefore, we characterize
the light emitted by a source in terms of momentum, energy, and
polarization.

For this measurement, the sample was excited from the glass
side and photoluminescence was collected from the polymer
side. For the achiral structures, Figure 4a—f shows the change
of the intensity distribution in the back focal plane (i.., S, total
intensity) as the emission wavelength varies from 700 to 750
nm in steps of 10 nm. All of the plots are normalized to their
maximum, which is typically on the order of 10° counts. The
emission patterns show narrow circular features whose position
strongly depends on emission wavelength. These emission
patterns are characteristic of the SLR*' and result from the
diffractive coupling of the LSPR of the single antennas. Each
circle corresponds to a single frequency cut through the
dispersion relation w(ky) of the SLR, which is repeated at every

. . . 2 . .
reciprocal lattice point G, , = (m, n);’r Each point of a circle

represents a wave vector ky (allowed for that particular
frequency) with origin on the corresponding G,,, point. To
verify the role of the SLR, we fitted the radius of curvature of
the observed feature, while keeping the center of the circle fixed
at the corresponding reciprocal lattice vector, as shown in
Figure 4f. The results of this fitting procedure are shown in
Figure 4g. A linear fit of the data gives a value of n = 1.52 +
0.01 for the effective refractive index of the SLR. This value is
identical to the nominal value of the refractive index of the
supporting glass substrate, confirming that the SLR is due to
diffractive coupling to glass.”®

The angular positions of the different features shown in
Figure 4a—f indicate a clear symmetry in k-space, as expected
since the array is square. However, a strong asymmetry in the
intensity is observed: the vertical features (ie, the circular
segments located in the area k, =~ 0) are much brighter than the
horizontal ones. This effect can be attributed to the anisotropy
of the unit cell, which leads to a mainly x-polarized dipole
moment for the dimer antennas. As the radiation pattern of an
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Figure 4. (a—f) Angular distribution of the total emitted intensity
(i.e., the Stokes parameter S,) from the array of achiral structures
for different emission wavelengths: (a) A = 700 nm, (b) A =710 nm,
(c)A=720nm, (d) A = 730 nm, (e) A = 740 nm, (f) A = 750 nm. All
of the plots are normalized to their respective maximum value. The
vertical and horizontal axes indicate the values of the in-plane
coordinates of the wave vector, normalized to the absolute value of
the corresponding free-space wave vector. The maximum value of
0.7 corresponds to the NA of our objective. The dashed circular
segment in (f) shows an example of the fits used to calculate the
dispersion curve. (g) Result of the fitting procedure for all the
measured wavelengths in the range of 700—770 nm. The solid line
is a linear fit to the data, which gives a value of n = 1.52 + 0.01 for
the effective refractive index.

electric dipole is maximum at the directions perpendicular to its
axis,”’ a stronger emission in the yz plane is expected, as
confirmed by our measurements. For 4 = 740 nm (Figure 4e),
all of the circles intersect each other at (kyk,) =~ 0. This
corresponds to a strong emission into the direction orthogonal
to the sample plane and coincides with the second-order Bragg
diffraction condition for the SLR. Indeed, in the normal-
incidence transmittance measurements and in the low-NA PLE
measurements, the signal related to the SLR appears at 4 ~ 740
nm.

The sample emission is due to an ensemble of many
incoherent and randomly located sources, and therefore, light
emitted by different molecules does not interfere. Nevertheless,
the patterns observed in Figure 4a—f show a clear spatial
coherence in the angular spectra. Indeed, as explained by
Langguth et al,*® summing over the emission of incoherent
sources, randomly distributed in a periodic array, still leads to a
spatial coherence of emission. The angular spectra of the
emission from the ensemble is identical to that of a single
source located in a particular position, apart for the smoothing
of some intensity variations that occur solely at the crossings of
the observed circles.””

After having characterized the angle-resolved intensity
distribution of emission, we analyzed the angular dependence
of the polarization properties, in particular, the degree of
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circular polarization (DCP, as defined by eq 2c in the Methods
section). Figure Sa—e shows the DCP for five emission

Achiral D, D
019 0 017-022 0 022-021 0 021
T e N e |
£ | 'j< W ||
o
s \
o
~
n
< y
¥ A ), 4
016 0 016 026 0 026 029 0  0.29
b « n
g P\ s T /
[ =
o |
o~
~
n
<
A Ve < \ 1 »
026 0 027-030 0 0.30-032 0 0.32
[ e |
c / h o
el° \ \ /
[=4
[=]
<
~
n
<
\ /
048 026 0 026-025 0 025
i
: \ S
o '
o
o
~
" \ /
<
069 -028 0 028-024 0 024
1 ’
£ 1 48
s _
~
~
]
o .
i 3 )

Figure S. Angle-resolved DCP of the emission from the achiral and
chiral structures. The horizontal and vertical axes for each plot are
the same as those in Figure 4a—f. Each row of the panel
corresponds to fixed emission wavelength, ranging from 700 nm
(top row) to 770 nm (bottom row), as indicated in the label. For
each row, the three plots correspond, from left to right, to the
emission from the achiral, D,, and D_ structures. The color bar of
each plot is indicated on top of it. The black lines in the panels (a—
e) indicate the SLR emission pattern obtained from the fit of Figure
4a—f.

wavelengths (700, 720, 740, 760, and 770 nm) for the case of
the achiral antennas. According to the definition of DCP, a
positive (negative) DCP denotes emission directions for which
the RCP (LCP) component of light is more enhanced.
Interestingly, even for the achiral geometry, pronounced
asymmetries between RCP and LCP (up to a maximum
value of DCP = 0.7) are observed for certain emission angles.
The greatest (absolute) values of the DCP are localized along
narrow areas which correspond to the SLR emission features.
Since in the absence of scatterers the emission is unpolarized
for all angles in the objective NA, the induced polarization is
due to the LSPR and to the SLR, which is apparent as the set of
sharp features. Somewhat similar effects, that is, handed optical
responses for nonhanded structures upon asymmetric observa-
tion conditions, were already reported in both scattering” ™"
and PLE'® experiments, and they have been sometimes referred
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to as extrinsic chirality’”*° and pseudochirality.”” They are due

to the fact that, even for an achiral structure, the overall
experimental configuration, including the oblique collection
direction and the structure, is geometrically chiral. For achiral
structures, the DCP is antisymmetric for reflections across the
lines k, = 0 and k, = 0. In other words, each emission direction
with a preferential circular polarization is compensated by
another (specular) direction for which the circular polarization
is reversed. Overall, the integrated chirality of the light emitted
in the z-positive half-space is zero, even though emission into
particular directions is preferentially handed. When considering
the chiral structures, the DCP shows striking differences. In the
center and right columns of Figure 5, we report the DCP for
the D, (center column) and the D_ (right column) structures
for the same wavelength selection. The color plots show a clear
breaking of symmetry between RCP and LCP emission,
meaning that the DCP averaged over the back aperture now
shows a net bias toward a particular handedness. This
handedness is inverted when the geometric chirality is inverted.
Let us focus, for example, on the case of A = 720 nm (Figure
Sb,gn). The D, structures (panel g) redirect the LCP light (i.e.,
blue color) to the same directions as the achiral structures
(panel b), but no circularly polarized light is present (i.e,, DCP
= 0, white color) at angles into which the achiral structure
directs RCP light. The D_ antennas (panel n) behave in exactly
the opposite way: they emit RCP light at the same angles as the
achiral structure, but the corresponding degree of LCP at the
specular emission angles is absent.

From the Fourier images in Figure 4 and Figure S, we
conclude that when reporting a PLE measurement, such as the
one by Meinzer'” and the ones reported in Figure 3b—d, it is
first important to report the lens opening angle (NA = 0.12 in
Figure 3b—d), and second, that angular integration tends to
obscure handed effects. Indeed, as the PLE features strongly
change in angle with wavelength, in a high-NA collection optics
scenario where one integrates over (rather than resolves) an
angle, no marked PLE features would stand out. The handed
PLE asymmetry reported in Figure 4 and by Meinzer et al.'” for
a cone of angles integrated around the normal direction is
hence only very modest compared to the actual angle-resolved
PLE asymmetries.

Finally, as the dye used in this experiment is achiral, and the
structures that we study are planar, one does not expect net
circular polarization when integrating over all solid angles. For
the achiral structure, a global vanishing of preferential emission
helicity is already evident from the antisymmetry of the DCP.
The planar chiral structures, instead, redirect light with a
preferential circular polarization to the z > O semispace. In
other words, the system formed by the dye and the antennas
behaves like an apparent chiral emitter into one-half space. As
already pointed out by other authors,'” this asymmetry toward
one semispace (ie, z > 0) is compensated by an opposite
asymmetry in the other semispace. This interpretation is
confirmed by comparing Figure 5 with the measurements
shown in Figure 3b—d. These show an opposite helicity
preference consistent with the fact that light is collected from
opposing sample sides. As a caveat, we do note that the air/
glass interface introduces a further symmetry breaking, whereby
the above reasoning does not hold above NA = 1 (not reported
in our data).

Comparison to a Theoretical Model. We now compare
the results of our experiment with the prediction of a coupled
dipole model,”” which is described in detail in the Methods
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section. Each antenna is modeled by an electric dipole located
in its center and characterized by an electric polarizability
tensor. For a certain external excitation of the system, we
calculate the dipole moment acquired by each dipole, and from
it, we compute the far-field electromagnetic field. In this way,
the polarized angular emission of the sample can be
reconstructed and the information about the DCP, for example,
can be retrieved. Figure 6 shows the results of this procedure
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Figure 6. Simulated angle-resolved DCP of the emission from the
achiral and chiral structures. The horizontal and vertical axes for
each plot are the same as those in Figure 4a—f. Each row of the
panel corresponds to fixed emission wavelength, ranging from 700
nm (top row) to 770 nm (bottom row), as indicated in the label.
For each row, the three plots correspond, from left to right, to the
emission from the achiral, D,, and D_ structures. The color bar of
each plot is indicated on top of it.

for the same set of unit cell chirality and wavelengths used in
Figure S. The calculations reproduce quite well the main results
observed in the experiment, that is, a strongly handed response
especially near the SLR features, whose handedness is greatly
affected by the geometric chirality of the unit cell. Also, the
symmetries, indicating null net handedness for the achiral unit
cell and net handed emission otherwise, are clearly reproduced.
Discrepancies from the measured DCP are also evident, in
particular in the regions with k, ~ 0.7 and k, ~ 0, where the
DCP has opposite signs (compare Figure Sa and Figure 6a)
and/or remarkably different values (e .8, Figure Se and Figure
6e). We attribute these discrepancies to the inherent limitation
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of the dipole model that inaccurately estimates rod—rod
coupling for closely spaced rods. At close spacing, hybridization
physics requires the real shape of the fabricated structures to be
taken into account. A first pointer that the DCP is indeed
highly geometry-dependent is already given by the dipole
model: as the amplitudes of the RCP and LCP light depend on
a coherent sum of scattered E, and E, fields, varying the
amplitude and phase of the polarizability tensor components
a,, and a,, quite strongly influences the far-field polarization
state. While from a modeling point of view this poses a
challenge, from a measurement point of view, this underlines
that k-space polarimetry can sensitively discriminate between
proposed models.

CONCLUSIONS

We investigated the angular distribution of helicity-dependent
photoluminescence enhancement from arrays of planar chiral
plasmonic nanostructures embedded in a light-emitting dye
layer. Despite the achiral nature of the emitters, this system
presents a distinct dissymmetry in the far-field emission
between the RCP and LCP light, which is controlled by the
geometrical handedness of the array unit cell. While previous
works experimentally investigated this effect by sampling
photoluminescence orthogonal to the plane of the array (i.e,
k ~ 0), in this work we found a remarkable and nontrivial
distribution of the DCP into the far-field, characterized by
angularly narrow areas of high values of the DCP. The angular
position of these strong chiral dissymmetries coincides with
surface lattice resonances, thus highlighting the important role
of diffractive coupling in the light spin—orbit effect. Our
findings demonstrate how an array of planar chiral nanostruc-
tures can efficiently redirect light from achiral emitters into
different narrow directions with distinct circular polarization
states. Moreover, these results demonstrate that, when studying
the spin—orbit effect in a periodic array of plasmonic
nanostructures, k-space measurements are an essential tool
because sampling only the k ~ 0 portion of the angular spectra
cannot reveal the intricate angle-dependent effects.

METHODS

Sample Fabrication. The sample was fabricated by spin-coating a
positive resist (PMMA 950 A4) on a 24 X 24 X 0.7 mm?® glass
coverslide (Menzel), which was first cleaned with a H,0/H,0,/
NH,OH base piranha solution. Square arrays of antennas, with a side
of about 300 ym, were defined through electron beam lithography (30
keV, RAITH150-TWO) with a typical dose of 400 uC/cm? After
development with a MIBK/IPA 1:3 solution, we thermally
evaporated 2 nm of chromium followed by 30 nm of silver at an
evaporation rate of 0.5—1 A/s. Lift-off was performed by keeping the
sample in acetone vapor overnight and subsequently immersing it in
liquid acetone for 1 h.

In order to deposit a dye-doped layer on top of the fabricated
plasmonic structures, a 10 mM solution of cyclopentanone and
Rhodamine 800 (Rh800) was mixed with the photoresist SUS
(Microchem SU8-2005) in a 1:1 ratio. To decrease its viscosity and
obtain thinner layers, we further diluted 2 mL of this solution with 8
mL of cyclopentanone. The resulting solution was spun on the sample
at a speed of 4000 rpm for 45 s, resulting in a layer thickness of about
65 nm. The sample was finally baked for 2 min at 95 °C to evaporate
the cyclopentanone. The Rh800 dye has an absorption maximum at
about 680 nm, and its emission maximum at about 720 nm, as shown
in Figure 1d.

Setup for k-Space Polarimetry. Figure 1f shows the setup used
to perform the k-space polarimetry measurements. A linearly polarized
supercontinuum laser (Fianium), filtered with an acousto-optical
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tunable filter (AOTF, Crystal Technologies) and a band-pass filter
(620—10 nm), is focused on the sample by an achromatic lens. The
power of the laser, measured before the lens, is about 16 yW. The
fluorescence is collected from the other side of the sample with a 60X
objective (NA = 0.7, Nikon CFI Plan Fluor) and separated from the
excitation light by a 650 nm long-pass filter. The desired state of
polarization is selected by a polarimeter, composed of a QWP and a
linear polarizer. A subsequent spatial filter, composed of a 1:1
telescope ( frelescope = 30 mm) and a 400 um pinhole, ensures that only
the signal coming from an area of about 25 ym on the sample is
collected, so that the array edges for our finite sample fields do not
affect the measurement. The Fourier (or Bertrand) lens (fgouer = 200
mm) is mounted on a flippable stage, allowing either the real space or
the back focal plane of the objective to be imaged. Finally, a tube lens
(fube = 200 mm) focuses the light on a silicon CCD camera
(Photometrics CoolSnap EZ). The exposure time of the camera was
60 s for all measurements. A set of narrow (fwhm =10 nm) band-pass
filters (in the range of 700—790 nm) has been used in front of the
camera to acquire quasi-monochromatic images.

In this configuration, the signal collected by the camera is directly
proportional to the intensity of the polarization state selected by the
polarimeter. In more complex systems, in which other optical
components are present between the sample and the polarizer, the
polarization state of light is transformed according to the Mueller
matrix of each element. This matrix can be calculated from preliminary
calibration measurements*>** and therefore used to correct for the
polarization conversion effects due to each optical element.

Setup for Low-NA Transmission and PLE. In order to both
benchmark our results against those of Meinzer et al.'” and to show
the role of the SLR, we measured the PLE and transmittance (Figure
3) in a low-NA normal-incidence configuration. We used a simplified
version of the setup described in Figure 1f, in which the collection
objective is replaced by a low-NA achromatic lens (NA = 0.12) and the
Fourier lens is removed, as shown in Figure 7a,b. Instead of imaging
the emission on the camera CCD, it is focused on a fiber and directed
to the entrance slit of a spectrometer. For the transmittance
measurements (Figure 7b), we illuminated the sample with linearly
polarized white light from a fiber-coupled halogen lamp without any
polarization analysis on the transmitted light (i.c, the polarimeter is
removed).

Polarimetry Principle. Each set of angle-resolved Stokes
parameters was retrieved based on six consecutive Fourier images,
according to

So=IL + I (1a)
S, =1y — I (1b)
S,=1 -1 (19
S=k-L (1d)

where Iy, Iy, I,, and I_ denote the intensities of the linear horizontal,
vertical, diagonal, and antidiagonal polarized components of the
emission, while I and I; denote the intensities of the LCP and RCP
components, respectively. Once the Stokes parameters have been
obtained through the measurements of the six intensities mentioned
above, all other quantities related to polarization can be calculated. In
particular, the degrees of polarization DP, linear polarization DLP, and
circular DCP can be derived from the Stokes parameters®®

ST+ S+ 82

DP =
So (2a)
DLP__J53+S§
s, (2b)
DCP—-S3
0 (2¢)

DOI: 10.1021/acsnano.5b07231
ACS Nano 2016, 10, 3389—-3397


http://dx.doi.org/10.1021/acsnano.5b07231

ACS Nano
a Sample LPF
Laser
NA=0.12
b LP Sample
Halogen
Lamp
NA=0.12

Spectrometer

QWP LP

Spectrometer

Figure 7. Scheme of the setups used for (a) PLE and (b) transmittance measurements.

These quantities describe the ratio of polarized, linearly polarized, and
circularly polarized light to total emission. For the DCP definition, the
absolute value of S; is commonly used. With our definition, the DCP is
a signed quantity which can vary from —1 (light is completely LCP) to
+1 (light is completely RCP).

Coupled Dipole Model. Each antenna is modeled by an electric
dipole located in its center and characterized by an electric
polarizability tensor a. If the system is excited by a monochromatic
external field E;, at frequency w, the dipole moment p; acquired by
the ith dipole is

E = a(w)Einc,i + a(w) Z ,"{wZG(ru l‘j, w)l’]

j#i (3)
where E,, ; denotes the incident field at the position of the ith dipole,
4 is the magnetic permeability, and G(r; r, @) is the Green tensor of
the system, which quantifies the propagation of the electromagnetic
field from a dipole at position r; to position r;. The sum is performed
over all N dipoles. The problem can be easily cast in a system of 3N
algebraic equations and solved with numerical methods to obtain the
dipole moments p,, p,,..px- Once the dipole moments are known, the
far-field electromagnetic field can be obtained by using the appropriate
asymptotic far-field Green function Gge™ "t

N
Efarﬁe[d(a! ¢) = 2 ”wZGFF(e’ ¢’ T w)P,

i=1 (4)
In this way, the polarized angular emission of the sample can be
reconstructed and the information about the DCP, for example, can be
retrieved. Our system is described by a three-layer structure with
refractive indexes ny,, = 1.52, ngyg = 1.58, and ny, = 1. The Green
tensors of such stratified structures are calculated numerically starting
from analytical formulas.”” We simulated arrays with 61 X 61 unit cells
(i.e, 7442 single dipoles) and with different chirality of the unit cell.
The polarizability tensor of a single rod is calculated by adding two
correction terms to the static polarizability>>*® of a silver rod to take in
account the depolarization induced by the accumulated surface charges
and the radiation damping®® The static polarizability and the
depolarization factor depend on the rod dimensions, while the
radiation damping depends on the environment in which the dipole is
placed (i.e., the three-layer stack, in our case). For the permittivity of
the silver, we assumed a Drude model, e(w) = 1 — a)g/ (? — iwy),
with @, = 27 X 2.321 X 10" Hz and y = 27 X 5.513 X 10'* Hz.

In order to simulate the excitation of the nanoantennas by nearby
fluorescent emitters, we used, as driving field, several dipolar sources
with different polarization and in different positions inside the SU8
layer. The far-field electric field is calculated separately for each source.
Afterward, the total far-field polarized intensities are obtained by
summing incoherently the contribution of each source. Finally, the
DCP is calculated according to eq 2c. Moreover, when using eq 4, a
Gaussian spatial filter is applied in order to smoothly remove the
contribution from dipoles located close to the array’s edge.
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