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Chirality is a crucial aspect in life sciences, where systems capable of enhancing the chiroptical properties
of molecules are highly demanded. In this work, we present a numerical proof of concept of a novel ap-
proach towards chiral sensing, consisting in the measurement of chiroptical properties via the directional
emission of Surface Plasmon Polaritons (SPPs) on a metasurface. Based on the enhanced differential ab-
sorption between right and left circularly polarized light upon interaction with a metasurface made of
high refractive index dielectric unit cells, a polarization-dependent SPP differential emission is obtained.
Furthermore, the plasmonic emission direction is entirely dependent on the polarization handedness. Us-
ing FDTD numerical methods we report Circular Dichroism signals of around — 6° for the unit cell, with
threefold dissymmetry factor enhancements in places accessible to analytes. We believe that this work
sets a brand-new branch in chiral sensing towards faster, real-time measurements.

© 2022 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The concept of chirality refers to the difference between a
given object and its mirror image, even under consideration of all
possible translation and rotation combinations in that object. In
other words, it is the lack of mirror symmetry inside that object
for any arbitrary plane. This results in the presence of a certain
kind of handedness in that object, where the two different mirror
images stemming from this lack of symmetry, called enantiomers,
cannot be superimposed [1,2]. Chirality is a property found in
many objects in nature, particularly in microscopic components
that are relevant in life sciences, such as sugars, amino acids, and
enzymes [3]. The geometrical difference that appears with chiral
elements does not affect the various physical and chemical prop-
erties of a compound, i. e., thermal and electrical conductivities,
mass or density; provided that they are immersed in an achiral
medium. However, when in contact with other chiral elements,
as often occurs in biological systems [4,5], interactions may differ
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greatly. For instance, changes in chirality have been suggested as
the underlying origin for Alzheimer and Parkinson’s diseases [6].
Furthermore, pharmacological compounds, which are often chiral,
may display different effects on the human body depending on
the enantiomer that is present. One example of this was the use of
thalidomide, where one of the enantiomers caused fetus damage
in pregnancies [7-9]|. Therefore, there is a growing interest in the
pharmacological industry towards single-enantiomer drugs, where
effectiveness, availability and metabolism can be improved, as well
as the reduction of the potential unwanted side effects. In order
to attain this, identification and separation of enantiomers is a key
aspect.

The identification of the chirality of a molecule sample is typ-
ically performed via Circular Dichroism (CD) spectroscopy, where
the absorption difference of the molecules between right and left-
circularly polarized light (CP) beams is measured [10]. However,
the CD effects in raw samples are inherently weak and therefore
high concentrations and long measurement times are required. In
order to bypass these issues, nanostructures can be engineered
so that the chiroptical interaction with the molecule sample is
enhanced [11]. One approach towards this is the use of plasmonic
nanoparticles (NPs), which allows for large field enhancements
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at the interphase with the medium [12-22]. Despite this large
enhancement, ohmic losses in these materials are considerable,
leading to a substantial heating of the sample which may affect
the CD measurements and damage the molecules, thus hindering
the potential practicality of these devices.

Another recent approach, constituting an alternative to these
plasmonic materials, is the use of high refractive index (HRI) di-
electric materials [23]. Their low losses and magnetic-electric mul-
tipolar responses [24-28] can be exploited for applications in spec-
troscopy, sensing or light guiding, among others [29-32]. Chiral
studies have already been performed in all-dielectric metasurfaces,
where the chiroptical response has been shown to be greatly en-
hanced [33-37]. Despite this, practical implementation of many
of these metasurfaces seems unlikely due to fabrication limita-
tions. Studies with achiral unit cells such as spherical NPs show
that, despite their capability to provide high local chirality absorp-
tion differences (measured with the Kuhn dissymmetry factor g),
the overall enhancement of the CD effect is small [38]. To fur-
ther amplify the CD effect, the introduction of chiral unit cells has
been proposed recently, achieving giant CD signals by using all-
dielectric gammadion bilayers [15]. Nonetheless, most of the struc-
tures showing extreme enhancements of the CD effect are embed-
ded in other materials, hampering their use with actual molecule
samples. Another issue that stems from the use of chiral unit cells
is the noise introduced by the chiral cell into the CD signal, which
can be circumvented using racemic metasurfaces (with same pro-
portion for both rotating modes), as shown by R. Quidant et al
[22]. Furthermore, many HRI structures display hotspots located
inside the material, again hindering actual sensing applications.
Thus, nanostructures capable of offering an overall effective en-
hancement of the CD effect, with external hotspots accessible to
molecules, are sought.

An important technology in all areas of biosensing is the use
of Surface Plasmon Resonances (SPR) due to its real-time re-
sponses and non-intrusive nature [39,40]. The ability of Surface
Plasmon Polaritons (SPP) to detect changes in the refractive in-
dex of neighboring media has been demonstrated, in both Atten-
uated Total Reflection (ATR) and diffraction grating coupling ap-
proaches [41,42]. Particularly, Kretschmann-Raether couplers have
been demonstrated to be able to detect the chiral properties of
samples via angle-resolving [43]. However, the absence of chiral
elements in such a configuration limits its performance in chiral
sensing. Grating SPP couplers, which allow for normal illumina-
tion, have not been considered for this purpose yet, to the best
of our knowledge. However, their necessity of a metasurface above
the metal layer allow for the introduction of chiral elements, which
could be exploited to enhance the chiroptical effects of the struc-
ture. Recent works also show that the propagation of plasmons in
a grating coupler can be controlled with the incident polarization
of light [44]. Given the polarization dependency of the CD effect,
the directional emission of plasmons from the grating could con-
tain the chiral information of the sample, allowing for a real-time,
enhanced chiroptical response from the device.

Here, we show the proof of concept of such a device, a meta-
surface that offers a high chiroptical response, as well as the ability
to selectively launch Surface Plasmon Polaritons in a particular di-
rection depending on the incident polarization. The scheme behind
this device is illustrated in Fig. 1. A S-like shaped structure made
of a HRI dielectric material is considered as unit cell for the struc-
ture. This system can offer both a high far-field unit cell CD signal
and large local chirality over significant areas. The unit cells are or-
ganized in a double column grating pattern and placed above glass
(ng = 1.5) and gold layers in order to support SPP generation. The
overall structure is surrounded by air. Results were obtained by
numerically solving Maxwell’s equations using a commercial 3D-
FDTD method (Lumerical).
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2. Theory

The absorption rate of light at frequency w by a chiral molecule
was described by Tang and Cohen [45,46]

A =E p+B-m=5 (o [E]" + x| ):F ENels (1)

where the + and - signs refer to right and left CP light respec-
tively. p and m are the electric and magnetic dipole moments, that
depend not only on the electric and magnetic complex polarizabil-
ities & and ¥, but also on a mixed electric-magnetic dipole polar-
izability G. Here, the ” superindex stands for the imaginary part of
such polarizabilities. €q is the usual vacuum permittivity and the
remaining C term, dependent only on the electromagnetic field, is
the chiral state density, defined as

_ o 1 _“’ifn .
C_TEv(VxE)—FmB-(VxB)_ Jm(E* - B) (2)

where (g is the vacuum magnetic permeability. As the CD effect
is the difference in absorption between right and left CP, it can be
seen that the effect can be quantified from the difference in the
second term in Eq. (1), as At —A~ = —%G”C, making the CD effect
proportional to the chiral state density. It can also be seen that
this quantity is dependent on polarization, reaching in vacuum a
maximum value for circular polarization of

Cop = 2 |E[* 3)

where c is the speed of light and the + and - signs refer again to
the handedness. Manipulation of the electromagnetic field through
engineering of nanoantennae is therefore capable of enhancing the
averaged chiral density of states over the CP value allows for mag-
nification of the CD effect.

The differential absorption between polarizations in chiral me-
dia can also be quantified using the dissymmetry factor, which
takes the absorption difference in the Tang-Cohen formalism and
normalizes it to the total absorption rate (taken as the average
value (At + A7)[2):

- el c
g=2455 ~ _8(oz”)<w80|,§|2> (4)

where the magnetic term in Eq. (1) has been neglected with re-
spect to the electric and mixed terms. Due to its dependence on
C, this factor takes a maximum value gcp = —‘—C‘(%) for CP, but can
be improved by means of nanostructure engineering. For this pur-
pose, it is useful to define the CP-normalized dissymmetry factor
g, a normalized form with respect to the CP value that is sought to
be surpassed:

Sm(f*-ﬁ)
T

As can be observed from this equation, the normalized absorp-
tion difference can be enhanced by means of an increment of the
chiral density of states or a reduction of the total electric field.

Directional emission of SPPs can be achieved by considering
unit cells with a privileged direction in a double column grat-
ing [44]. One column must be oriented at an angle 6#; and the
other at a perpendicular angle 6,. An appropriate shaping for the
unit cells allows coupling to the incident electric field component
that is perpendicular to the privileged direction of the unit cell. A
dipole emission pattern is then formed in each unit cell, and the
constructive interaction between dipoles in a single column of the
structure create the SPP. This propagates along the perpendicular
direction of the column. For simplicity we will hereon consider y-
oriented columns, making the plasmons propagate along the x-axis
direction, right or left.

gzézic (5)
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Fig. 1. Scheme of the proposed device. Circularly polarized beams impinge the HRI dielectric chiral metasurface, on which the sample is put. This generates SPPs directionally,
with the plasmon intensity dependent on the absorption by the sample, enhanced by the metasurface, particularly at the high local chirality areas. The SPPs propagate across
the substrate until they reach a decoupling grating system, which transforms the SPP back into a wave that can be detected.

Since there are two columns with different orientations in the
grating, an arbitrary incident electromagnetic wave may have its
electric field coupled to both columns. This means that the emerg-
ing plasmon will have contributions from both columns, as well as
some cross terms arising from the interaction between them. The
plasmonic intensity at either side of the grating is given by the
following expression

I o (QiE? + QaE2) + 2E4 E; cos (ksppS — 8) (6a)

Ip oc (QE? + Q2E2) + 2E+ E; cos (ksppS + 8) (6b)

where the i = 1, 2 subindex refers to the two columns that con-
stitute the grating, which, as we recall, have their unit cells ori-
ented at angles 6; and 0, to which the electric field components
E; and E, couple. Q;xcos #; is the plasmonic conversion efficiency
for each component, S is the lateral (along x-axis) column sepa-
ration and kspp is the real part of the SPP propagation constant

Bspp = 2./ Sitf‘;nm (where g is the dielectric constant in the dielec-

tric medium and &, the one in the metallic medium). The phase
difference between the components 1 and 2 of the electric field is
given by 4.

Making the particular choice of lattice parameters 6; = 45° and
0, = 135° we have that |[E;|> + |E;|?> = |E|? and Q; = Q, = Q.

Furthermore, fixing S = %ksj},, yields

I o Q(E? + E3) + 2E E; sin (8) (7a)

Ig o Q(E? + E2) — 2EE; sin (8) (7b)

Thus, right and left plasmonic intensities depend on the phase
difference between electric field components 1 and 2, and there-
fore on the polarization handedness of the incident wave.

3. Results and discussion
3.1. Chiral unit cell design

As described in Eq. (5), the absorption difference can be en-
hanced by increasing the chiral density of states while keeping the
electric field enhancement low. This can be achieved by allowing
larger enhancements of the magnetic field in the desired regions.
A chiral HRI material S-like structure like the one shown in Fig. 2,
can originate such enhancements due to the displacement currents

originated in its curves upon interaction with CP light. Further-
more, its C2 rotation symmetry and elongated shape allows for
dipole emission in the xy plane for a single component of an in-
cident electric field, allowing the emission of directional plasmons
in a double column pattern metasurface, as it will be shown later.
The chosen HRI dielectric material is germanium. It allows to place
the structure Mie resonances into the NIR region without enlarg-
ing the overall structure, which could hinder its operation within a
double column pattern metasurface. The structure lays over glass
(ng = 1.5) and gold layers. The optical constants for Ge and Au
were obtained from Palik [47] and Johnson & Christy [48] respec-
tively. The introduction of the glass layer is motivated by the ease
of fabrication of dielectric metasurfaces over glass or silica layers
rather than metallic films [49]. The gold substrate considered here
will act later as a platform for SPP launching.

In order to demonstrate the chiral enhancement given by this
unit cell, the far-field CD signal, given by

(D) = tan”! (2 (®)
was calculated alongside the extinction cross-sections (accounting
for both scattering and absorption processes) for right-handed and
left-handed CP cases o gcp and o cp. The results were obtained by
simulation with 3D-FDTD methods implemented with Lumerical
FDTD. The results for the CD signal and the cross-sections can be
observed in Fig. 3.

The identification of the cross-section resonances is complex
given the convoluted geometry of the structure and illumination,
but some of the resonances can be associated to the usual Mie the-
ory modes, which for a Ge sphere of this size, correspond almost
exclusively to dipolar resonances, due to the relevant absorption of
the material below 1000 nm [50].

In general, resonances under CP illumination can be considered
as a sum of the resonances upon linear polarization in the x and
y axes. Due to the structure dimensions, the resonances for the x-
polarization are found at shorter wavelengths than those in the y-
polarization. Therefore, for CP illumination, an electric resonance
can overlap with a magnetic one. These overlaps, especially evident
for the x-polarized electric dipole (ED) and y-polarized secondary
magnetic dipole (MD), are responsible for the differential extinc-
tion found in the [900, 1200] nm interval. The individual scatter-
ing and absorption cross-sections can be found in Fig. S1 of the
Supplementary Document.

As for the CD signals obtained for different geometrical param-
eters, they are plotted in Fig. 4. The extinction cross-sections lead-
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Fig. 2. a) Top view of the chiral S-like unit cell, where its geometrical parameters (L, d, R, ) are shown. b) 3D view of the structure, where the gold and glass layers can be

observed and the thicknesses (t, tgpqss) are defined.
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Fig. 3. a) Extinction cross sections of the proposed unit cell with geometrical parameters (L, d, R, t, dgjqss) = (300, 60, 140, 300, 50) nm with & = 240° upon interaction
with x-polarized, y-polarized, RCP and LCP illuminations. Large extinction differences are found in the [900, 1200] nm interval, which leads to large non-zero values of the
CD signal, shown in b). The extinction peaks in the CP resonances are identified according to Mie theory resonances.
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Fig. 4. CD signals upon variation of geometrical parameters in the unit cell structure. a) Central length L. b) Width d. c) Curve radius R. d) Angle 6. e) Height t. f) Glass layer

thickness tgigss.

ing to these CD values can be found in Fig. S2 of the Supplemen-
tary Document. The behavior of CD when the geometrical param-
eters are varied is obviously complex due to the unusual parti-
cle shape and the not-linearly polarized incident field. Neverthe-
less, some common patterns can be recognized. For example, as
the dimensions of the structure increase, the CD signal is gener-
ally redshifted. However, the wavelength shift of these resonances

is different depending on the varied parameter. This means that
some of these resonance peaks may combine or separate, causing
strong variations on the overall absorption and therefore on the CD
signal.

It can be seen that, as the central length L increases, the struc-
ture absorbs more, and the CD signal peaks increase, reaching
maximum absolute values for L = 500 nm. A redshift can also be
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Fig. 5. a) CD signal of the optimal unit cell structure. b) and c) § values for LCP and RCP at the peak CD wavelength (A = 1130 nm). d) and e) Near electric fields for LCP
and RCP illuminations at the peak CD wavelength. f) and g) Near magnetic fields for LCP and RCP illuminations at the peak CD wavelength.

observed as the length increases, owing to the higher refractive in-
dex average, which displaces all resonances to higher wavelengths.

For the same reason, the increase in width of the structure d,
leads to significant redshifts in the CD signal, but with almost no
effect on its magnitude. Therefore, variation of this parameter al-
lows to tune the structure spectral response. However, as big g fac-
tor enhancements are expected in the inner part of the curves, nar-
row structures are preferred in order to allocate more molecules.

Regarding the curves’ radius R, a maximum absolute value
is observed for R = 140 nm, with the respective redshift in-
duced by the higher refractive index average in the case of larger
curves. Again, larger radii are preferred as they offer larger areas
to molecules.

Variation of the angle of curvature, 9, implies a severe change
in how chiral the structure is, and therefore yields a complex be-
havior, including reversal of the CD signal for angles around 240°.
It can be seen that for small angles, the structure resembles an
achiral rod, and therefore offers very small CD enhancement. As
the angle increases, the CD signal grows, reaching maximum abso-
lute values at 6 = 300°.

Variation of the height of the structure t implies higher CD
signals in principle, as there is more absorbing material Fig 3.e
shows how thicker structures have generally larger and spec-
tral redshifted values of the CD signal. However, the maximum
value is similar owing to a CD peaks separation in the region
A = 1100 — 1300 nm. Finally, an increase in the thickness of the
glass layer underneath the structure can also redshift the signal,
up to a value tgq = 150 nm. For larger values, the CD signal is
reversed and a separation of peaks appears.

As explained before, directional plasmon emission requires the
structure to emit as an electric dipole. Most of the configurations
analyzed here do not have their CD maximum signal and ED reso-
nances at the same wavelengths, therefore only a handful of con-
figurations will be able to offer both chiral enhancement and di-
rectional plasmon emission. This can be clearly observed in the
directional plasmon efficiency study shown in the Supplementary
Document (Fig. S3).

For this reason, a system configuration with (L, d, R t,
dgiess) = (300, 70, 140, 300, 50) nm and ¢ = 180° was selected.
The overall CD signal from this optimal unit cell can be observed

in Fig. 5a. A peak value close to — 6° can be observed at a wave-
length A = 1130 nm. The cross-section results leading to this CD
signal can be consulted in Fig. S4 of the Supplementary Document.

Fig. 5 d-g displays the near field results for this unit cell con-
figuration at the maximum CD wavelength A = 1130 nm. The
LCP electric and magnetic near fields at this wavelength, shown in
Fig. 5d and f, respectively, display large magnetic enhancement in
the inner part of the curved regions with a small electric field en-
hancement, leading to a large enhancement of the g factor at those
sites (Fig. 5b).

For RCP illumination, moderate field enhancements can be
found at those sites (see Fig. 5e-g), with the magnetic field being
concentrated on the center of the structure. This leads to lower
values of the g factor (Fig. 5c), increasing the overall absorption
difference. Furthermore, for both RCP and LCP, electric dipolar scat-
tering can be found at the ends of the curves, with the RCP polar-
ization also showing scattering in the vertical axis. Note that, while
the electromagnetic response described here corresponds to one of
the mirror images of the chiral structure, the other mirror image
will display exactly the same response for opposite illumination
handedness.

3.2. Directional plasmon source: study of the chiral unit cell in a
double column metasurface

Once the chirality of the unit cell has been demonstrated, its
capabilities as a directional plasmon source in the double-column
metasurface must be analyzed. Following the pattern given in the
literature [44] and shown in Figs. 6a and b with a period of
A = 1160 nm, simulations of the metasurface upon interaction
with RCP and LCP plane waves were done using Lumerical FDTD.
The plasmon intensity was measured at both sides. The results,
shown in Fig. 6¢c, prove that at a wavelength A = 1130 nm for
LCP illumination, plasmonic activity is almost only (86% of total
plasmonic intensity obtained at both sides) found at the left of the
structure, while the opposite result was found for the right-handed
polarization. Near field maps (Fig. 6d and e) corresponding to the
characteristic components of the electric field in SPPs E, also sup-
port this result, with a clearly higher activity at the corresponding
side of the metasurface.
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Fig. 6. a) Top view of the metasurface pattern, with its periodic characteristics defined. b) 3D view of the structure with the illumination scheme. c) Plasmonic activity
measured for a metasurface formed by 4 double columns (A = 1160 nm) with 16 periods/column. The red and blue lines represent transmission of SPPs (positive values
to the right, red, negative values to the left, blue) at plane monitors placed at 4.5 um distance from the metasurface. The solid line represents LCP and the dashed line
represents RCP illumination. An almost totally directional (86%) plasmon emission to the left is detected at a 1130 nm wavelength. d) and e) Near field map for the
characteristic electric field SPP component (E;) upon illumination with LCP and RCP light at a wavelength & = 1130 nm, respectively.

A second more prominent peak can be observed at A = 1300
nm. However, its plasmonic intensity at the opposite side is higher
than in the first peak, making it less efficient in terms of direc-
tionality (81% vs 86% in the first peak). Furthermore, the mismatch
between unit cell CD signal and the plasmonic peak wavelengths
means that this particular peak would not be useful for chiral sens-
ing applications.

It can also be seen that changes in the incident polarization
handedness do not induce any changes in the differential plas-
monic intensity, i.e., the plasmonic intensity obtained at the right
for RCP is the same that the one at the left with LCP. This is due
to the absence of analytes in the simulation. As the metasurface
is racemic, the noise introduced by the chiral elements will be
compensated by the equal number of right and left-handed unit
cells. Thus, no absorption differences between polarizations will be
found unless molecules are introduced into the system [22].

4. Conclusions

In this work, a proof of concept for a directional plasmonic chi-
ral sensor has been given. Germanium S-shaped unit cells demon-
strate an enhancement of the chiroptical interaction, yielding CD
signals of around — 6° and a three-fold enhancement of the dis-
symmetry factor g at molecule-accessible sites. We show how tun-
ing the Mie resonances of a HRI dielectric structure so that its
CD signal matches the electric dipole resonances leads to direc-
tional emission of plasmons. This is demonstrated with the pro-
posed unit cell structure at a double-column grating that mimics
previous plasmonic works. These findings may establish the foun-
dation of a brand-new path in chiral sensing and lead to other chi-
roptical applications.
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