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Featured Application: Plasmonic elliptical nanohole arrays coupled with emitting layers for near-
infrared and visible chiral sources.

Abstract: Chiral plasmonic nanostructures with tunable handedness-dependent absorption in the
visible and infrared offer chiro-optical control at the nanoscale. Moreover, coupling them with
emitting layers could lead to chiral nanosources, important for nanophotonic circuits. Here, we
propose plasmonic elliptical nanohole arrays (ENHA) for circularly dependent near-infrared and
visible emission. We first investigate broadband chiral behavior in an Au-ENHA embedded in glass
by exciting it with plane waves. We then study the coupling of ENHA with a thin emitting layer
embedded in glass; we focus on the emission wavelengths which provided high chirality in plane-
wave simulations. Our novel simulation set-up monitors the chirality of the far-field emission by
properly averaging a large set of homogeneously distributed, randomly oriented quantum sources.
The intrinsic chirality of ENHA influences the circular polarization degree of the emitting layer.
Finally, we study the emission dependence on the field distribution at the excitation wavelength.
We demonstrate the chiral absorption and emission properties for Au-ENHA emitting in the near-
infrared range, and for Ag-ENHA which is excited in green range and emits in the Lumogen Red
range. The simple geometry of ENHA can be fabricated with low-cost nanosphere lithography and
be covered with emission gel. We thus believe that this design can be of great importance for tunable
chiral nanosources.

Keywords: chirality; nanophotonics; plasmonics; nanohole arrays; nanosources

1. Introduction

Nanohole arrays (NHAs) are a class of nanostructured surfaces consisting of nanoscale
voids fabricated in the surface of a material. Plasmonic NHAs can couple the incoming pho-
tons to plasma oscillations, which then result in surface plasmon polaritons (SPPs) [1-3].
These specific resonant electromagnetic excitations are strongly confined around the plas-
monic NHA, and lead to electromagnetic field enhancement at the interface. SPPs can
offering interesting phenomena such as sharp resonances, extraordinary optical trans-
mission and extreme field enhancements. As such, they have been long investigated for
applications including sensing, optical spectroscopy, surfaced enhanced Raman scattering
etc. [4-9].

With the further development of nanotechnology, the introduction of symmetry breaking
in plasmonic geometry offered additional, intriguing chiral effects at the nanoscale [10-12].
Namely, chiral nanostructures differently absorb circular polarization of the opposite
handedness, leading to different optical response when excited by left and right circular
polarization (LCP and RCP, respectively). This effect is known as circular dichroism (CD),
and it has been long studied in the 3D nanostructures which mimic chiral shapes such as
nanohelices [13-15], twisted bilayered metamaterials [16], folded eta-shaped metamateri-
als [17], and vertical nanowires asymmetrically covered by metal and excited at oblique
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incidence [18-20]. Moreover, chiral effects and CD can be obtained by the planarization
of chiral nanostructures, which often simplifies the nanofabrication and the coupling
with additional sensing or emitting material. Specifically, nanoholes with gammadion-
or helix-like chiral shapes provided chiral control in terms of transmission [21-23], or
diffraction [24]. Moreover, the influence of the lattice asymmetry allows for the asymmetric,
non-reciprocal transmission of circularly polarized light through misaligned SPPs in the
plasmonic NHA [25]. More recently, we showed that the combination of lattice asymmetry
and a simple elliptical nanohole shape can provide a chiral response in the near-infrared
range. Namely, elliptical nanohole arrays (ENHA) with in-plane symmetry breaking can
provide extremely high circular dichroism in the near-infrared range [26]. Furthermore,
similar simple chiral geometries can be fabricated by cost- and time-efficient techniques
such as nanosphere lithography (NSL) [27,28], and shadow sphere lithography [29]. Such
passive nanostructures provide chiro-optical responses in transmission, reflection and ab-
sorption, thus showing the great potential for chiral sensing. On the other hand, similarly
to the achiral NHA investigated in [30-32], ENHASs can be coupled with an emitting layer.
Therefore, they can be of interest for both chiral sensing and chiral light sources.

In this work, we propose ENHAs for chiral emission in the near-infrared and visi-
ble ranges. Our numerical set-up combines two types of simulations: with plane-wave
excitation, and with dipole excitation of the ENHA. Firstly, we report on the broadband
chiral behavior of ENHAs for two plasmonic materials: gold (Au-ENHA) and silver (Ag-
ENHA); we embedded the 2D periodic ENHA in glass, and we excited them with LCP
and RCP plane waves. Circular dichroism in absorption is mainly governed by the ENHA
2D periodicity, and it can be optimized in the near-infrared and visible domains. We then
studied the coupling of the ENHA with a thin emitting layer embedded in glass above
the plasmonic layer by exciting the ENHA with numerous electric dipole sources. Specifi-
cally, we investigated the chirality of far-field emission at wavelengths which provided
high chirality in plane-wave simulations. For the Au-ENHA, we focused on the emission
wavelengths of 740 nm and 940nm, which showed opposite chirality in the absorption; we
show that the chirality also exhibits inversion in the emitted far-field. Next, we include
the possibility of tuning the emitted chiral properties by engineering the excitation field
confinement at shorter wavelengths. We demonstrate this effect for visible excitation and
near-infrared emission of the Au-ENHA, and for green (532 nm) excitation and red (630 nm)
emission of the Ag-ENHA, which is of interest for the commercially relevant Lumogen
Red dye. Simulations of a large number of randomly oriented quantum emitters allow
us to average the overall response, which makes our set-up adaptable for modelling real
applications where emitters such as dye molecules are distributed in the refractive index
matching material which covers the plasmonic layer. Moreover, the additional degree of
freedom introduced by electromagnetic confinement at the excitation wavelength opens
new perspectives in tunable efficient chiral light sources.

2. Materials and Methods

We investigated absorption and emission chirality by using two distinct simulation
approaches in the commercially available finite difference time domain (FDTD) solver
by Lumerical [33]. The first part of the work involved “passive” simulations of the chiro-
optical response of the ENHA previously optimized in [26]. The second part involved
“active” simulations of distribution of dipoles within the dielectric layer above the ENHA.
Finally, we combined the two approaches to account for the excitation influence on the
emission chirality. Below, we present the two main simulation methods of this work.

Firstly, we simulated the broadband optical response of the ENHA in the range of
400-1000 nm using plane-wave excitation. In Figure 1a, we show the geometry of the
ENHA, which is defined by the lattice parameter a, while Dy and Dy represent the short
and the long nanohole diameters, respectively. Here, the FDTD domain is defined by
periodic Bloch boundary conditions (BBC) in the xy-plane, while in the z-plane we define
perfectly matched layers (PML). We take t = 100 nm as the thickness of the plasmonic (Au
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or Ag) layer. This plasmonic layer lies on the semi-infinite dielectric substrate, and it is
embedded in 300 nm of additional refractive index matching medium; in this way, the
ENHA is surrounded by a dielectric medium with a refractive index of 1.45. The unit cell of
the array is defined by the surface of 2 and a./3, as NHAs with such hexagonal symmetry
can be fabricated using the low-cost NSL technique (as in our previous experimental works).
The nanohole has elliptical geometry, and the long ellipse axis is 15° shifted with respect
to the hexagonal symmetry, as has been previously optimized in [26]. For the Au-ENHA,
we used the Au complex refractive index from the Lumerical material database; for the
Ag-ENHA, we used experimental data from the ellipsometric measurements performed in
our previous work [27]. In order to simulate circularly polarized plane-wave excitation, we
combined two x- and y-polarized broadband plane-wave sources with the same properties,
except for the phase difference. The phase differences of 90° and —90° correspond to LCP
and RCP polarizations, respectively. The ENHA is excited under normal incidence from the
top. Power monitors below the plasmonic layer and behind the source, detect transmission
and reflection, respectively. Absorption is then calculated as A; =1 — R; — Tj, where
i=LCP or i = RCP, and the final result of these passive simulations is the normalized
circular dichroism in the absorption CDy4:

Arcp — Arcp
CD4|%]| =100 —————. 1
Al%] Arcp + Arcp M

________

)

A

exc

Figure 1. (a) xy- and xz-plane views of the ENHA, with geometric parameters. The dashed region in
the top schematic shows the unit cell used in the “passive” simulations. (b) Simulation set-up for
the “active” simulations; the randomly oriented dipole is positioned inside the embedding medium,
20 nm above the ENHA, and at a distance from the center which corresponds to one of the points in
the inset. The dipole emits at a single wavelength A.;;. The electromagnetic field at the excitation
wavelength Ay is further introduced as an additional tuning and optimization possibility.

While the passive properties of nanohole-based chiral materials have been previously
studied, here we investigate the chiral properties of ENHAs coupled with the emitting
layer. In the following, we will consider the light emission possibility of the ENHA coupled
with dipole sources to be active. In this approach, a large FDTD domain surrounds more
than 100 unit cells in the xy-plane, and it is defined by the PML boundaries in all six
directions. A larger, non-periodic, FDTD volume is necessary in order to account for the
periodic nature of the ENHA without introducing unnatural coherence [34]. An electric
dipole oscillates as a point source, exciting the ENHA at 20 nm above the plasmonic layer.
We show the schematic of such simulation in Figure 1b. The dipole emits at the single
emission wavelength A.;;, and it is defined by its orientation (x-, y-, or z-orientation), and
position in the embedding layer. While we keep z position at 120 nm above the substrate,
in the xy-plane we considered a homogeneous dipole distribution, which properly models
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dielectric layers doped with emitting materials. Next, we explain the novelty of the active
simulation set-up for chiral emission, compared to previous, achiral nanostructures. It
must be noted that all the chiral phenomena presented, arose from the coupling of an
achiral dipole with a chiral nanostructure, as the dipole sources do not represent molecules
which possess their own intrinsic chirality.

In the past, electromagnetic modelling followed experimental studies of fluorescence
from emitting layers coupled to achiral NHA. The authors in [30,31] reported on SPP-
mediated red light emission from circularly shaped nanoholes organized in a 2D periodic
array with quadratic symmetry. The authors in [32] investigated low-cost achiral NHAs
with hexagonal symmetry, coupled with Er®* emitters. In these cases, the averaging of
different dipole positions across the unit cell was simplified due to the in-plane symmetry
of the achiral structures, allowing for the simulation of one quarter of the unit cell. Here,
instead, the ENHA in-plane symmetry is broken by both the elliptical shape and the 15°
offset from the hexagonal symmetry lines. Therefore, the emitted characteristics need to be
averaged over the complete distribution of the dipoles across the unit cell, which is done
by properly modelling the homogeneous dipole distribution in the cell with hexagonal
symmetry, as shown below.

The position of a dipole for a single simulation is defined by its Ax and Ay offset
from the center of the FDTD domain; this domain, now defined by PML layers, has
equal dimensions in the x- and y-directions, thus preventing any additional asymmetry
in the chirality calculations. Next, we focus on modelling suitable for real applications,
where light emitters are homogeneously immersed in the host matrix in the vicinity of the
nanostructures. In this case we consider emitters homogeneously distributed across the
hexagon of the side a/2, as shown in the inset of Figure 1b. The surface density of the dipoles
across this hexagon is constant, while the hexagon itself encompasses one chiral object
(i.e., an elliptical nanohole tilted from the symmetry of the hexagon). Therefore, the final
averaging of the emitted field and its chirality will take into account both the dipoles close to
the nanohole center and those close to the rims of the nanohole. After convergence testing,
we chose the ensemble consisting of dipoles on the points defining the hexagon (shared
between 3 hexagons), and two or three additional dipoles between these points, on the
hexagon rims (shared between 2 hexagons). Considering the constant surface density, the
total number of dipole positions equaled 85, while the distance between two neighboring
positions was held constant and equal to (1/5)*(a/2); the specific positions are marked
as dots in the inset of Figure 1b. In this way, the homogeneity of the emitting material is
ensured, while the polarization analysis of the simulation results reveals the overall chiral
properties, which stem only from the chiral effects of the underlying nanostructure.

For each of the 85 possible positions, three simulations were run for each dipole
orientation. The result of a single simulation was dipole radiation to the far-field, which
was detected by a frequency-domain field-profile monitor. This near-field monitor was
positioned in the air, 10 nm above the embedding medium, i.e., at 310 nm (dashed lines in
Figure 1b); it encompasses the whole xy-plane of the FDTD region. The monitor collects
the electromagnetic near-fields and decomposes them into a set of plane waves which prop-
agate to the far-field. The near-to-far field projection results in a complex electromagnetic
field which reaches the far-field hemisphere at a point defined by spherical coordinated
Oem and Yem; there, it is decomposed into the LCP and RCP components by a Jones transfer
matrix formalism. In this way, one can obtain I; cp and Ircp, as well as the total intensity
Lot at each point on the hemisphere, which models the extrinsic chirality experiments
where a quarter-wave plate and a linear polarizer were placed in the far-field [35,36]. The
intensities from 3 x 85 simulations for all positions and orientations are then summed with
weights 1 which account for the dipoles, which are shared between two- or four-unit cells,
depending on their position [32]:

k=85

i= ) Tk (Ii,k,x +liky + Ii,k,z); )
k=1

~i
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here, the subscript i denotes the LCP or RCP field, or their sum (I;cp, Ircp, and I, respec-
tively). The final result of these simulations is the circular dichroism in the emission CDem:

Ticp—1
CDem[%] = 100=L2—RCEP @)
Itcp + Ircp

We performed convergence testing to ensure that simulation results did not depend on
the FDTD volume [37]. As the simulation of single wavelength emission collects total, LCP
and RCP far-fields after 3 x 83 single simulations, we saved time-cost of our simulations
by means of the far-field filter. This Lumerical property is a parameter of near-to-far field
transformation, set between 0 (which turns the filter off) and 1 [33]; it ensures that the
electromagnetic fields at the very edges of the near-field monitor in the xy-plane went to
zero, which translates to higher numerical stability and faster convergence. For all the
following simulations, we opted for an FDTD domain of 36 um? in the xy-plane, and a
far-field filter of 0.1.

As a final step, we combined the two simulation approaches to investigate the influ-
ence of the electromagnetic field at the excitation wavelength. Emission enhancement in
plasmonic nanostructures is governed by both enhancement at the emission wavelength,
and by the near-field confinement at the excitation wavelength [38]. The previous active
simulations of 85 random dipoles account for the weights of dipoles at different positions
in the xy-plane by considering the homogeneous medium and dipole sharing between the
neighboring unit cells; in Figure 1b, n = 1 for the dipoles inside the hexagon, n =1/2 for
the dipoles on the hexagon margins, and 1 = 1/4 for the two dipoles at the top and at the
bottom. However, if the excitation laser leads to the enhancement and the inhomogeneous
distribution of the electric field at the position of the dipoles, this can be approximated
by a new weight factor, which now depends on both the position and the electric field
confinement at excitation wavelength A... We extracted this factor by performing passive
single-wavelength simulation at A.y., and by collecting the electric field intensity at the
points of the dipole positions at z = 120 nm. Finally, we normalized the emission of the

dipoles as:
k=85 2

7 -
I = Z 1 E(k Aexc)| )i (Ii,k,x + gy + L’,k,z)- 4)
k=1

3. Results and Discussion

Below, we present step by step of the design towards tunable chiral sources based on
ENHAs and emitting layers. We start from the passive simulations of CDy in Au- and
Ag-ENHA. Then, we investigate the active simulations of single dipoles distributed as
the emitting layer for the Au-ENHA, and we investigate their average influence on the
chiral emission in the near-infrared range. Finally, we investigate the Ag-ENHA with
polarization-dependent excitation in the green range, and emission in the red visible range.

3.1. Passive Simulations

In our previous numerical work, we showed that chiral absorption in ENHA arises
due to the different coupling of LCP- and RCP- excited SPPs with elliptical nanoholes tilted
from the lines of the 2D array symmetry [26]. We optimized the ENHA with a = 500 nm in
terms of Dy, Dy, and the tilt angle ¢; we found that the optimum CDjp (reaching almost
84%) was around 745 nm for ¢ = 15°, Dy = 280 nm, and Dy = 500 nm. These ENHA were
standing upon glass substrates in air; therefore, their spectral features and CDp were
expected to red-shift with an increase of the refractive index of the surrounding medium.

Here, we started from the previously optimized ENHA geometry, and embedded it
in the refractive index-matching layer, which served as a dielectric matrix for the emitters
in the active simulations. In a hexagonal lattice, the ENHA tilt angle of ¢ = 15° always
provides the highest CD4, so we kept this parameter constant. We investigated CDx
dependence on various separate geometric parameters (not shown here), and conclude
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that its spectral features mainly depend on lattice periodicity, which defines the light
coupling to the SPP modes. Therefore, here we show the results of the parameter sweep
over the periodicity range of a = 350-550 nm, while we scale the nanohole surface in the
unit cell according to the previous optimization, i.e., Dx = 280*2/500, and Dy = a. We
investigate this range as it is of interest for future fabrication; namely, the starting diameter
of commercial polystyrene nanospheres determines the hexagonal array periodicity in the
NSL [32]. Figure 2a,b show spectral maps of Au-ENHA absorption dependence for the LCP
and RCP excitations, respectively. Spectral features linearly shift with 4, as is expected for
the linearity of the phase matching condition of SPPs. Below 540 nm, absorption for both
excitations increases in the same manner due to the intraband absorption in Au. For LCP
excitation and lattices around a = 500 nm and larger, there is one main plasmonic maximum
in the near-infrared. Changing the excitation to RCP, the quality factor of this maximum
increases, and other plasmonic features at larger wavelengths appear. This different spectral
behavior leads to a high CD, in the near-infrared range, with two prominent branches
in the opposite CD4 signs, as seen in Figure 2c¢. Specifically, for a = 500 nm, CDj reaches
around 50% at 740 nm, and inverts the behavior at 940 nm. This peculiar behavior of
ENHA absorption influences the coupling with the emitting layer; therefore, these two
wavelengths will be considered for dipole emission further in the manuscript. Moreover,
we note that under 600 nm CD4 vanishes because of the absence of the plasmonic coupling,
and, eventually, Au intraband absorption. Finally, one can note that the maximum CDx
branches red-shifted because of the superstrate, while their absolute value decreased with
respect to the design previously optimized in [26]. In this manuscript, we focus on the
investigation of the chiral absorption and emission phenomena which take place in the
previously designed ENHA, embedded in glass. However, this design is scalable and
can be easily re-optimized for specific emission and excitation wavelengths. Once the
wavelength of maximum CD, is defined, one can perform multiparameter optimization of
parameters a, Dy, Dy, and t, to get the highest contrast of RCP and LCP absorption at those
wavelengths by means of particle-swarm algorithm [39].

Arcp A Agcp ()] CDy [%]
; Au
{ 5900
T | -
| = 500F=====-- CERERE .
3 1 3
: 3 | 100
5 4108 \ E
600 800 400 600 800 1000 || ! 400 600 800 1000
A [nm] A [nm] : A [nm]
Lo CDy [%]
:‘ Ag
3 590: | 100
! S 500Fmm - mmmeaaae
rog b !
y o

400 600 800 1080

600 800 10 400 600 800 10
A [nm] A [nm] A [nm

Figure 2. Passive simulations of chiral absorption in Au-ENHA and Ag-ENHA as dependences on
lattice parameter a. ENHA diameters are scaled as Dy = 280%2/500, Dy = 4, while the angle offset
from the hexagonal symmetry is held at 15°. (a) Arcp, (b) Arcp, and (c¢) CDy for the Au-ENHA;
(d) Arcp, (e) Arcp, and (f) CDy for the Ag-ENHA

In Figure 2d—f, we repeat the same a sweep when the plasmonic materials is Ag, by
keeping all the geometric features equal as before. As expected, there was a blue-shift of
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all spectral features compared to the Au-ENHA due to the higher plasma frequency of
Ag. The branches of CDp now reach shorter visible wavelengths, where the Ag-ENHA
can be excited e.g., with a green laser. Therefore, while Au-ENHA can be used for the
near-infrared, while Ag is more suitable for the visible range.

3.2. Active Simulations

The purpose of this section is to investigate the influence of the CDp on CDep,. There-
fore, we chose the Au-ENHA with a = 500 nm, and we applied active simulations for
two typical wavelengths. Figure 3 plots the typical results of our numerical method for
a randomly oriented dipole situated at Ax = 0, Ay = a/2, and Az = 120 nm, emitting at
740 nm (top), and 940 nm (bottom). The simulation of one dipole position contained three
simulation runs (for x-, y-, and z-orientation), where the far-field matrices of the total, LCP,
and RCP far-field emission were saved, and eventually averaged. At both wavelengths,
total intensity is highly irregular due to ENHA chirality and the offset of the dipole with
respect to the unit cell center. At longer wavelengths, the overall total light emission is
directed towards larger angles, and with less intensity, as is expected due to the coupling
with the lattice [30,31]. When the total field is decomposed into opposite circular po-
larizations, we notice strong chirality, especially at 940 nm: there is an absence of RCP
compared to LCP in the central part of the far-field hemisphere. However, a single dipole
position cannot account for the chiral properties of the emitting material, situated in a
matrix material above the ENHA. We believe that there are two main reasons we need to
simulate the emission of large number of dipoles, before taking their average intensities
in Equation (2), and calculating the CDep,. Firstly, total intensity differed strongly for the
dipoles situated on the rims and in the nanohole center, as the local density of states in
plasmonic nanostructures strongly depend on spatial confinement. Secondly, in achiral
NHAs, two dipoles situated at opposite sides of the NHA give opposite CDep,, according to
extrinsic chirality, whereas their average gives zero CDem. ENHAS are intrinsically chiral,
so we expect that the interplay of these two phenomena would give a non-zero chirality in
the averaged emitted field.

i E
S | E
S : :
= H i
[‘- 1 1
Il H i
Ay 1 1
: 1 1
— H i
j ]
| !
H i
S ! :
£ i !
= 1 1
o - 1 i
< | I
o i H
Il H i
2 ¢ :
b 1
= | H
1
1

Figure 3. Simulation results for a randomly oriented dipole positioned at Ax = 0, Ay = a/2, and
Az =120 nm, emitting at 740 nm (top), and 940 nm (bottom); we performed three simulation runs for
each dipole orientation, extract LCP, RCP and total far-field intensity for each simulation, and then
took the average.

We investigate the previous point by calculating the CDer, from typical dipole posi-
tions in the unit cell (over the hexagon presented in the inset of Figure 1b). In Figure 4, it is
evident that the dipoles situated between the nanoholes (corners of the figure), led to ex-
tremely high chirality close to the normal incidence. As the dipole position approaches the
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unit cell center, the circular dichroism drops. This can be of interest for light nanosources
such as quantum dots, which can be precisely positioned at the points which exhibited
high CDem. On the other side, for emitting layers with fluorescent dopants, the single
position-chiral behavior can give guidelines for the engineering of the excitation control, as
will be shown later.

G
100%

=100%

Figure 4. CDem maps for different dipole positions on the Au-ENHA, at 740 nm.

In Figure 5, we show chirality of typical dipole positions for the emission at 940 nm.
Even though emission intensity was lower (Figure 3), for most positions there was a
strong positive chirality in the central part of the hemisphere, which is wider and more
pronounced with respect to Figure 4. Again, CDem decreases towards the dipoles closer to
the ENHA center.
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Figure 5. CDery maps for different dipole positions for the Au-ENHA, at 940 nm.

Finally, we apply Equation (3) to calculate the total, LCP, and RCP fields emitted by
the ensemble of 85 dipoles, Figure 6. Here we consider the dipole weights with respect to
the shared geometry between the neighboring cells, while we do not consider confinement
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at the excitation wavelength. As is expected, higher emission at 740 nm corresponds to
higher confinement of this wavelength at 120 nm. Moreover, at 940 nm the light was
directed towards larger angles in the far-field, in agreement with diffraction-governed
optical phenomena. More importantly, in the direction of the maximum emission at 740 nm
(Yem~0°) the overall CDep, switched the sign between the two wavelengths, just as in CD4.
Therefore, passive ENHA chiral properties directly influence their coupling with the achiral
emitting layer situated in the index matching layer. Absolute CDen, values reached 20%
and 30% for 740 nm and 940 nm, respectively.

| Aem = 740nm |

| Ao = 940nm l

Figure 6. Tr.cp, Ircp, Tiot, and CDem maps for the ensemble of 85 homogeneously distributed randomly
oriented dipoles for the Au-ENHA, at 740 nm (top), and 940 nm (bottom).

3.3. Influence of Excitation

Figures 4 and 5 show that dipole position strongly influences chiral emission in CDepy,
and its intensity. An additional way to boost and tune this performance is to add another
degree of freedom: electromagnetic confinement at the excitation wavelength. Apart from
controlling the emission direction, polarization and intensity, plasmonic nanostructures

can boost absorption in the emitting material by controlling its excitation rate y,p, as
- 2 —
Yab ~ |]_4> ap Eexc| , where ﬁ ap 18 the absorption dipole moment, and E., is the electric field

at the excitation wavelength at the dipole position [40]. Different plasmonic systems have
been used to optimize molecule fluorescence by means of near field enhancement at the
excitation wavelength [38,40-44]. In such systems, excitation field properties such as wave-
length, incidence angle, and polarization can be engineered to enhance electromagnetic
confinement in the parts of the nanostructure volume filled with the emitting material.
Next, we demonstrate the influence of excitation (wavelength and polarization) on
the emitting chiral properties of Au-ENHA with a = 500 nm. We choose to investigate
Aexe = 532 nm, which is a common green laser used for the excitation of emitters with
plasmonic nanostructures [45], and A,y = 740 nm, where Au-ENHA shows high CD4. As
our ENHAs are chiral over a broad spectral range, we expect that the switching of LCP
to RCP in the excitation influences emitted field intensity and chirality. We started from
the passive behavior of the Au-ENHA at single wavelengths by exciting the ENHA from
the bottom (positive z-direction), with RCP or LCP (top and bottom panels of Figure 7,

respectively). The electric field intensity at the excitation wavelength |ngc| was detected
by two field-profile monitors over the unit cell in the xz cross-section, centered at y = 0 nm,
and in the xy cross-section, centered at z = 120 nm (note that this is the same position
as the dipole ensemble in the active simulations). This intensity was normalized to the

2
incident field intensity |I—S>0| , with Eg = 1V/m. As can be appreciated from Figure 2a,b, at
Aexe = 532 nm there was no increased coupling with the ENHA, hence it did not possess
chiral behavior in the absorption (green area in Figure 2¢). Indeed, Figure 7a shows that for
both LCP and RCP excitation, the electric field was not confined to the metallic layer, and
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did not overlap with the emitter position (low confinement across the whole xy-monitor).
However, there was a slight difference in its distribution, with the switch of the excitation
handedness. On the other side, Figure 7b shows high coupling with the ENHA, which was
greatly enhanced for the excitation switching from RCP to LCP. This is in agreement with
the strong chirality at this wavelength, as seen in the orange region of Figure 2c.

{al

r (b)

a

Figure 7. Passive simulations of the electric field intensity enhancement for the Au-ENHA, when its
excited with RCP (top), or LCP (light) from the bottom. We plot normalized electric field intensity in
two-unit cell cross-sections, detected by xz-monitor (centered at y = 0 nm), and xy-monitor (situated
at z =120 nm), at (a) 532 nm, and (b) 740 nm.

For each of simulations presented in Figure 7, we save the intensities of each field com-
ponent in the points defined in the inset of Figure 1b. As was expected for the confinement
with plasmonic nanohole arrays, the main field component for each excitation was E, (not
shown here); this means that the z-oriented dipoles standing on the nanohole rims will
enter the sum in Equation (4), with significantly higher weight. Next, we calculated the
LCP and RCP light emission by averaging all dipole positions and orientations with this
additional weight factor from the passive simulations, thus accounting for the excitation
electric field intensity at the position of the dipoles. To demonstrate strong influence of the
excitation on both intensity and chirality of emission, we investigated how light emitted at
Aem = 940 nm depends on the excitation wavelengths Aey. = 532 nm and A,y = 740 nm,
and on the choice of RCP and LCP, as shown in Figure 8. Since the results are plotted with
the same color bar, we note a strong enhancement in the case of LCP excitation at 740 nm.
This is a consequence of the high field confinement at the position of the dipole ensemble,
as seen in Figure 7b. The emission intensities are ~5 times lower for the excitation at 532 nm,
compared to 740 nm, while the resulting emitted field distribution shows distinguishable
behavior. Namely, at 532 nm excitation, we notice a slight enhancement of both I} cp and
Ircp when its handedness is switched from RCP to LCP, as seen in Figure 8a. At 740 nm
excitation, the LCP and RCP emitted components drastically change in distribution and
increase in intensity from the excitation change from RCP to LCP, as seen in Figure 8b. This
is because the Au-ENHA is strongly chiral at this excitation wavelength, with a pronounced
change of the electromagnetic confinement over the ensemble (see the xy cross-sections in
Figure 7b).

Finally, Figure 9 plots the resulting chiral emission properties for different combi-
nations of the excitation and emission wavelengths, and excitation handedness. We first
investigated Au-ENHA, with a = 500 nm. In the left panel of Figure 9, we show the CDep,
calculated from the maps in Figure 8a; we notice that even a slight change of the excitation
field distribution (by changing it handedness) can influence the overall map. CDen, is
rather low close to the normal incidence, but increases in the far-field points which do not
have high emission intensity. Therefore, such a configuration is not suitable for excitation.
Moving to A.xe = 740 nm, which strongly couples to the Au-ENHA, the emitted intensity
increases and the emission becomes highly tunable by means of excitation (Figure 8b).
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Indeed, in the middle panel of Figure 9, the maximum absolute value of CDgp, increases
from 30% in Figure 6, to 50%. As expected, chirality at the excitation wavelength plays an
important role in tailoring the CDen: it increases in absolute value for LCP excitation, and it
switched the sign for angles close to normal incidence. Finally, we consider a combination
which could be of interest for the ENHA coupled with Styryl 8 dye, which emits around
740 nm, and which can be excited at 633 nm [30,31]. In the right panel of Figure 9, we
see that an absolute CDey, of ~20% can be obtained at in the center of the far-field for the
LCP excitation.

| Aexc = 532nm | | Aoxe = 740nm

RL P,

CP,

0-: T max

Figure 8. I cp and Izcp far-field maps of the Au-ENHA emitting at 940 nm, when it is excited with
RCP (top) and LCP (bottom), at the wavelengths (a) Aexc = 532 nm, and (b) Aexc = 740 nm.

Aoxe = 532nm Aexe = 740nm Aoxe = 633nm
Aem = 940nm Ao = 940nm Adom = 740nm
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Figure 9. CDgpy, for RCP (top) and LCP (bottom) excitations of the Au-ENHA for = A,y = 532 nm,
Aem = 940 nm (left), Apye = 740 nm, Agp, = 940 nm (middle), and Aeyxe = 633 nm, A, = 740 nm (right).

Next, we considered Ag-ENHA with a = 510 nm, coupled with a fluorescent ensemble
excited at 532 nm and emitting at 630 nm. We choose these wavelengths as they can be
of interest for Lumogen Red dye, which has the typical absorption and emission spectra
shown in Figure 10a [45]. In this case, both the excitation and emission wavelengths lie in
the positive CD4 branch of our nanostructure (Figure 2f). In the inset of Figure 10b, we
show the normalized electric intensity over the xy cross-section at 120 nm. Compared to
the Au-ENHA (Figure 7a), RCP and LCP distribution strongly differed. This means that
RCP excitation at 532 nm enhanced the emission of the dipoles situated in the middle of
the nanohole. LCP excitation, on the contrary, increased the contribution of the dipoles on
the rims of the nanohole. Therefore, the resulting emitted field shows a dramatic change in
distribution for the excitation handedness change, as seen in Figure 10b.
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Figure 10. (a) Typical absorption and emission spectra for Lumogen Red dye [45]. (b) CD¢p for
RCP (top) and LCP (bottom) excitations of Ag-ENHA excited at Aexc = 532 nm, and emitting at
Aem = 630 nm; the inset shows the xy cross-sections of the electric field intensity, as in Figure 7.

CDem can be enhanced and directed differently in the far-field by changing the polar-
ization of the excitation. The rich chiral behavior of ENHAs can be used to optimize the
desired far-field properties and chirality for a specific application in many ways. Take as
an example an ENHA coupled with molecules which emit at 940 nm. If one needs high
CDem emitted directly to the far-field center (6em~0°, Yem~0°), the excitation can be tuned
to enhance the dipoles on the upper left and lower right positions in the unit cell, as seen
in Figure 5. Another requirement can be a high contrast ratio between the CDey, with
excitation switching from RCP to LCP. As an example, the far-field CDe, distributions
in Figure 9b show that this is possible for light directed in 8.m~10° cone, and it can be
further optimized. Therefore, proper engineering of the field confinement at the excitation
wavelength can enhance the contribution of the dipoles which give the highest CDep of
the same sign, while the change to their polarization can tune the desired property in the
emitted far-field. Moreover, the position of the ensemble in the z-direction can be matched
with the high chiral properties. Finally, excitation angle of incidence plays can be used to
couple the incident excitation light to the resonance of the nanostructures [41,43,45,46]; e.g.,
in Figure 8a, this would lead to higher intensity of the emitted light and to an additional
degree of freedom in tuning the resulting CDer (Figure 9, left). Finally, the optimization of
the emission chiral properties by the excitation of the polarization state, wavelength, and
direction will be the subjects of future work.

4. Conclusions

In this work, we proposed the coupling of simple, planar, chiral nanohole arrays
with an ensemble of emitting material, for chiral emission in the near-infrared and visible
ranges. Our numerical method treats the chiral properties of a large number of randomly
oriented dipoles, which were homogeneously positioned in a refractive index matching
matrix above the ENHA. The chiral properties of the emitted far-field strongly depend on
the chiral properties of the plasmonic substrate. Moreover, the excitation of the dipoles at
shorter wavelengths can tune the electromagnetic field confinement in the volume of the
emitting layer. As such, the excitation field can be used to enhance the emission of specific
dipoles, and to control it by selecting proper excitation wavelength and polarization. Thus,
it provides additional degree of freedom in the tuning of the overall emission in terms
of the degrees of intensity and circular polarization. Even though our design involves a
simple elliptical nanohole geometry in an Au or Ag layer, it provides rich chiral behavior
in both absorption and emission. Therefore, we strongly believe that the ENHA coupled
with emitting layers can be optimized towards tunable efficient chiral nanosources.
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