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Achieving a strong and robust chiral response in plasmonic metasurfaces is among the key goals of current
nanophotonic research. In this work, we theoretically show that the circular dichroism (CD) of a metal metasurface can be
maximized by exploiting the concept of a bound state in a continuum (BIC) with symmetry breaking. We consider a gold
metasurface with a deformation of circular holes into oval holes. The chiral response at small values of the angle of incidence is
dominated by a quasi-BIC, with nearly maximal values of the absorption CD that are almost independent of the deformation. A
strong CD in emission is also demonstrated. Symmetry analysis and mode profiles show that the extrinsically chiral response does
indeed follow from a symmetry-broken BIC and is associated with a strong enhancement of the local electrical field. The concept of
a plasmonic BIC with symmetry breaking provides a robust pathway to increase the chiral response in metal metasurfaces and opens
research opportunities in chiral plasmonics that combine narrow resonances with local field enhancement.

plasmonic metasurfaces, bound states in a continuum, symmetry breaking, extrinsic chirality, circular dichroism

Plasmonic metasurfaces with a periodic arrangement of
nanoholes embedded in a metal film have attracted
considerable attention in the past 25 years due to their ability
to exhibit extraordinary transmission (EOT) of light."” This
phenomenon arises from the resonant coupling between the
electromagnetic field and surface plasmon polaritons (SPP) at
the interfaces between the metal layer and the surrounding
dielectric media.>"> The resonant enhancement of the
electromagnetic field, driven by SPP excitations, forms the
essence of EOT and gives rise to various distinctive
phenomena. In this context, plasmonic metasurfaces are of
extreme significance for unraveling fundamental aspects of
light—matter interaction, and likewise in several technological
applications such as surface-enhanced sensing.’” "'

Our focus here is directed toward extrinsic chiral effects in
plasmonic nanostructures. Chirality, defined by the absence of
any symmetry plane, is a ubiquitous phenomenon observed
both in the macro-world and at the nanoscale.'” Chirality is
particularly noteworthy in molecular and biological systems,"”
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and plays a pivotal role in the field of drug sciences.'* It is
associated with distinct responses to incident circularly
polarized light (CPL) with either right or left circular
polarization (rcp, lcp). This gives rise to a circular dichroism
(CD) signature in optical quantities, such as absorption,
transmission, and luminescence. The plasmonic effect further
enhances these properties, as widely discussed in the
literature.">~** The chiral response can be intrinsic if the
investigated structure lacks any plane of symmetry, usually by
means of plasmonic nanostructures with chiral shapes.'”*>~*
Moreover, extrinsic chirality can occur in nonchiral geometries
when probed at oblique incidence along a nonsymmetry
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direction.”*™** However, since chiroptical effects are often very
weak, maximizing the chiral response (especially in lossy
systems) often requires detailed optimization and the
fabrication of complex structures. In view of future chiroptical
applications, it is of great importance to identify simple
geometries and general design criteria that can maximize the
chiral response.

In dielectric systems, bound states in a continuum (BICs)—
namely solutions of the wave equation that are resonant with
the continuum but uncoupled to far-field radiation—have
become a key concept that allows to achieve resonances with
an ultrahigh Q-factor and to tailor light—matter interaction in
many peculiar ways.”> > BICs have been shown to possess
intriguing topological properties, as they are the center of
polarization vortices with a quantized topological charge,’” and
can generate circularly polarized states upon symmetry
breaking.”**” Numerous pioneering studies have reported on
the generation of chiral quasi-BIC resonances with giant CD in
dielectric systems.*"™*

Metallic structures are usually dominated by a spectrally
broad, low-Q response associated with SPPs, so that the
identification and tailoring of BICs is hard to perform. Indeed,
investigations of BICs in plasmonic systems have only recently
started.”’ 7% A common theme of these works is the trade-off
between high Q-factor and strong field enhancement, which
are difficult to optimize simultaneously. Using plasmonic BICs
to increase the chiral response is considered in ref 53 for the
THz region, with nearly spin-selective perfect absorption, and
in ref 57 for the mid-infrared region, where quasi-BIC
resonances with high Q (~938) and strong CD (=0.67) are
demonstrated. In ref 58, resonance with a plasmonic BIC is
employed to increase chiral second-harmonic generation.
Nonetheless, plasmonic BIC in metal nanohole arrays and
their possible role in increasing the chiral response are still to
be investigated.

In the present work, we show that a gold metasurface with a
periodic nanohole array can support a plasmonic BIC in the
near-infrared region and that such a BIC can be exploited to
maximize extrinsic chirality in the optical response. The crucial
step leading to maximum chirality is to reduce the symmetry
by deforming the nanoholes from a circular to an oval shape.
Upon this symmetry breaking, absorption spectra display a
quasi-BIC resonance on the low-energy side of the usual SPP
peak, and such a peak dominates the chiral response at small
angles of incidence. Values of the CD close to unity are
demonstrated, which are almost independent of the
deformation and are manifest in both absorption and emission
CD. Analysis of mode profiles confirms the BIC nature of the
resonance and highlights a strong enhancement of the local
electric field, which is linked to the chiral response. The results
suggest that a plasmonic BIC with symmetry breaking is a very
useful concept to achieve a strong and robust CD in metallic
metasurfaces. The combination of maximum chiral response,
narrow resonance, and high local field enhancement widens the
scope of metallic nanostructures for a number of fundamental
studies in chiral photonics and for possible applications to
advanced polarization-sensitive devices.

The rest of this article is organized as follows. In Section 2
we describe the investigated structure and the simulation
methods. In Section 3 we present the results for absorption
and emission CD related to a symmetry-broken BIC. Section 4
is devoted to a symmetry analysis of BIC and SPP mode
profiles and to a discussion of field enhancement at resonances.
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Section 5 summarizes the main results, highlights the analogy
with BICs in dielectric structures, and gives a discussion of
open questions and new research avenues that spawn out of
this work.

In the sketches of Figure lab, we show the metasurface with the
nanohole array (NHA) used in our study. A gold layer of thickness t =
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Figure 1. Sketch of the metasurface studied in this work. (a) 3D view:
a layer of gold (thickness ¢ = 100 nm) on a glass substrate is etched
with a square lattice of air holes (lattice constant a = S00 nm). (b) 2D
view of the unit cell: each hole has an oval shape consisting of two
semiellipses with a common semiaxis r, and differing semiaxes r,, r3.

100 nm is embedded between SiO, and air, as shown in the 3D view
(a). A square lattice of period a = 500 nm, consisting of oval air holes,
is etched in the metal layer. Each hole is made of two semiellipses,
whose common semiaxis is denoted by r;, while the differing semiaxes
are denoted by r, and r3, as in the 2D view (b). Obviously, the holes
are circular when r; = r, = r;. The values of ¢t and a are fixed
throughout this paper, and also, r, is fixed to 200 nm. The
nanostructure is excited from the top (air side) with right- or left-
circularly polarized light (CPL) under normal and oblique incidence.
In the latter case, light is incident along the direction of the common
axis of the semiellipses, i.e., in the xz plane.

The optical properties of the oval nanohole array are numerically
investigated by using two approaches. To calculate the absorption
spectra and related CD maps, we apply the Bloch-mode scattering
matrix method in the open-source software EMUstack, where a finite
element approach is used to calculate the Bloch-modes in each 2D
layer of the structure, and the electromagnetic field is propagated
using a scattering matrix.’>*® To calculate the field profiles, we
employ the 3D finite difference time domain (FDTD) method using a
Lumerical-Ansys commercial simulator. We set perfectly matched
layers (PML) in the z-direction, and in order to perform calculations
at a finite angle of incidence, we use the broadband fixed angle source
technique.®’ The two methods generally yield results for the resonant
energies that agree better than <0.01 eV. The dielectric functions of
Au and SiO, are from the Lumerical database, taken from ref 62. Both
mentioned methods allow the calculation of transmittance (T),
reflectance (R), absorbance (A), and field profiles. We concentrate on
the CD in absorption, which is defined as usual in terms of

absorbance for left- or right-circular polarization (lcp, rcp) as
CDA _ Alcp - Arcp
Alcp + Arcp

(1)

We also calculate emission spectra from a homogeneous layer of
dipoles in FDTD by using a supercell technique and resolving the
polarization of the emission in the far field projections, as described in
ref 32. In this approach, the FDTD domain is surrounded by PMLs in
all directions, encompassing 81 nanoholes. A single dipole is randomly
oriented at a height of 10 nm below the Au layer, while its xy
coordinates vary across one unit cell in 9 positions. The far-field
emission is resolved in left- and right-CPL, and the averaging is done
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Figure 2. (a—d) Transmission and (e—h) absorption for right- and left circularly polarized light; (i—1) related CD in absorption. The spectra are
calculated for four cases: circular holes with r; = r, = r; = 200 nm at normal incidence (first column) and at 6 = 4° along the x orientation (second
column), oval holes with r; = 200 nm, r, = 240 nm, r; = 160 nm at normal incidence (third column), and at 6 = 4° along the x orientation (fourth

column). The maximum CD in (1) is 0.874 at E = 1.42 €V.

over a random dipole orientation and xy positions. The average

intensities I, and I, lead to a CD in the emission, defined as
CDE _ Ilcp - Ircp
Ilcp + Ircp (2)

Since the oval holes have a mirror plane that is also a symmetry
plane of the square lattice, the metasurface is invariant under
reflection in the yz plane and is, therefore, nonchiral. Thus, no CD is
expected at a normal incidence (no intrinsic chirality). However, for
oblique incidence along any plane different from yz, the metasurface
should display extrinsic chirality, and a CD is expected.”’é?"64 The
effect is maximum for incidence along the xz direction.

In this section, we investigate the extrinsic chiral response of
the metasurface upon the deformation of a circular hole. In
Figure 2, we show transmission and absorption for left- and
right-CPL as well as CD spectra, starting from a circular hole
(r, = r, = r; = 200 nm) either at normal incidence or at oblique
incidence (6 = 4° in the xz plane) and deforming it to an oval
hole (r; = 200 nm, r, = 240 nm, and r; = 160 nm), again at
normal incidence or at § = 4° in the xz plane. For circular
holes at normal incidence, the transmission spectra in Figure
2a display a broad extraordinary optical transmission (EOT)
peak"” that is interrupted by a dip around an energy E ~ 1.640
eV. The dip originates from the excitation of the surface
plasmon polariton (SPP) related to the Au/SiO, interface.””
Indeed, the absorption spectrum in Figure 2e shows a well-
defined peak at E = 1.63 eV (~760 nm) that corresponds to
the energy of the Au/SiO, SPP folded at the I" point of the first
Brillouin zone of the square lattice”* (the wavelength is close
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to A =~ na, where n ~ 145 is the SiO, refractive index). This
peak has a Q of ~10, which is a typical Q-factor for plasmonic
resonances. The energy region above 2 eV is uninteresting, as
absorption is dominated by interband transitions in Au. The
spectra are the same for left- and right-circular polarizations;
thus, no CD occurs in Figure 2i.

For the case of circular holes at 8 = 4° or of oval holes at
normal incidence (Figure 2b,c), another transmission dip
appears on the lower energy side of the SPP dip. Indeed, the
absorption spectra in Figure 2f,g show a narrow peak at 1.42
eV (~873 nm) with Q ~ 70 in addition to the SPP peak.
Again, optical spectra are identical for right and left CPL; thus,
no CD is observed in Figure 2jk. Instead, for oval holes at
oblique incidence (Figure 2d), the narrow dip on the low
energy side becomes very strong for left CPL, while it
disappears for right CPL. Similarly, the absorption peak in
Figure 2h at 1.42 eV (Q = 60) is present only for left CPL.
This points to a selective coupling of the incident field to a
resonant mode that is fully left circularly polarized. Finally,
Figure 2l shows that absorption CD occurs at oblique
incidence along the x orientation, thus confirming the extrinsic
chiral behavior of the metasurface under study. Most
interestingly, absorption CD reaches a very high value of
CD, = 0.874 at E = 1.42 eV. As we show below, this strong
and nearly optimal CD is intimately related to the nature of the
resonance induced by the mechanism of symmetry breaking.

To analyze the effect of symmetry breaking, we further
report on the dependence of CD on the incidence angle 8 and
on the deformation D, defined as

D= (r,—1n)/(2n) (3)
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Figure 3. Absorption maps for right (upper panels) and left CPL (middle panels), as well as related CD maps (lower panels). The panels in each
column are calculated for a given deformation D = (r, — r3)/(2r,), for a common semiaxis r; = 200 nm and keeping r, + r; = 2ry, as a function of

angles 6 for incidence along the x orientation.

We keep a fixed r; = 200 nm and vary the semiaxes r,, r; in
such a way that r, + r; = 2r| = constant, so that the area of the
nanoholes is kept fixed. In Figure 3, we show absorption maps
for right- and left-CPL, as well as CD maps, for holes with a
deformation D ranging from 0 to 0.5 (ie., the last column
corresponds to r, = 300 nm, r; = 100 nm) and for incidence
angles 6 from —10 to 10°. For circular holes (D = 0), the
absorption maps are identical for right- and left-CPL with no
CD. The SPP peak around ~1.63 eV is weakly visible for all
incidence angles, while a stronger peak at lower energy ~1.42
eV is visible for finite angles and becomes vanishingly weak at
normal incidence. This is the behavior that is expected for a
symmetry-protected BIC, and it leads us to identify the lower
energy peak as being due to the excitation of a quasi-BIC (q-
BIC) mode that becomes a BIC for circular holes at normal
incidence. This identification will be further examined from the
point of view of eigenmode symmetry in the next Section. In
the following, for the sake of brevity, we shall refer to this peak
as the “q-BIC peak”. For any finite deformation, the q-BIC
peak becomes asymmetric in @: it is predominantly left
circularly polarized for @ > 0, while it is predominantly right
circularly polarized for 8 < 0. The CD maps in the lower row
clearly show the consequence of this asymmetry, as CD(—6) =
—CD(0): this is consistent with the presence of a yz symmetry
plane, and it shows that the same metasurface structure can
give CD of opposite behavior. The maximum CD for each
deformation occurs at small angles € that increase with the
deformation. The absolute maximum CD, = 0.874 occurs
close to 0 = 4° for a deformation D = 0.2 at E = 1.42 €V, i.e,,
the same parameters of Figure 2, (fourth column).

To better understand the relation between CD, incidence
angle 6, and deformation D, we summarize our findings in
Figure 4, where we present the results for maximum CD and
optimal @ as a function of the deformation. The maximum CD
occurs for the q-BIC peak around E = 1.42 eV. The main
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Figure 4. Summary results for maximum CD and angle theta of the
maximum, as a function of the deformation, for a common semiaxis r,
= 200 nm. The parameters are as shown in Figure 3.

conclusions are: (1) the maximum CD is nearly constant, it
tends to zero only for very small deformations, and (2) the
angle 6 of the maximum CD increases almost linearly with the
deformation. Such results are very similar to those of dielectric
systems*® and make us confident that, indeed, we are studying
the properties of a BIC in a plasmonic system. The maximum
value of CD can be related to the formation of polarization
singularities, known as circularly polarized states, that spawn
from the BIC along the x direction upon symmetry
reduction.”®”*> The present metasurface design produces a
well-identified BIC, which accordingly leads to a nearly optimal
and robust CD at small values of the incidence angle.

The enhanced absorption CD associated with a BIC
resonance is related to a substantial near-field effect that is
produced by the metasurface with oval holes, as we show in the
next section. As absorption and emission are reciprocal
processes, preferential absorption of left or right CPL should
translate into a highly circularly polarized emission. While
these enhanced interactions occur close to the metasurface,
understanding the emission characteristics in the far field
becomes crucial for applications in which the emitted light
propagates away from the metasurface. To this purpose, in
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Figure S, we demonstrate extrinsic CD of PL emission from
the metasurface with oval holes, adopting the same parameters

Ircp

Ilcp

(a)

(b)

Figure S. Polar plot of emission at the resonant energy of the g-BIC
peak, E = 1.428 eV: (a) field intensities for left and right CPL, (b)
total field intensity, and (c) far-field emission CD. The results are
calculated for the metasurface of oval holes with r; = 200 nm, r, = 240
nm, and r; = 160 nm.

of Figure 2 (fourth column) and exciting the system with a
random layer of dipoles at the resonant energy of the BIC
mode. In Figure 5a, we see that the PL intensity is strongly
enhanced at small emission angles, with a significant difference
between the emission intensities I, and I, for left and right
circular polarizations. LCP and RCP polarizations are directed
to the opposite directions of the far-field hemisphere. Figure Sb
shows the total emission intensity, whose far-field pattern
reproduces the symmetry of the metasurface, with the presence
of a vertical (yz) mirror plane. Finally, Figure Sc displays the
emission CD defined in eq 2. A strong far-field emission CD is
observed, reaching +0.8 along the x orientation (azimuthal
angles ¢ = 0 or 180°), which is the direction of maximum
extrinsic chirality (note that high emission CD at large oblique
incidence angles is not physically relevant due to the negligible

1.428 eV E=1.639 eV

E=

emitted intensity and the definition in eq 2). Thus, the near-
field absorption CD has a counterpart in the far-field emission
CD when the emitted light couples to the BIC mode. We
notice that the emission CD has not been specifically
optimized and could be further enhanced by increasing the
coupling efficiency or tailoring the symmetry breaking.

In this section, we analyze the previous results from the point
of view of the symmetry properties of the plasmonic
metasurface. Specifically, we corroborate the identification of
a ¢-BIC peak in comparison to the SPP peak. We start with the
metasurface with the square lattice of circular holes, whose
symmetry is described by the C,, point group. This group has a
two-dimensional (2D) irreducible representation with the
symmetry of the in-plane dipole and four one-dimensional
(1D) representations.“’66 The 2D representation must
correspond to the SPP peak, which indeed is a bright mode
at a normal incidence. Each of the 1D representations is
uncoupled to the far-field radiation at normal incidence and
must, therefore, correspond to BICs.

In the following, we investigate the mode profiles by exciting
the modes with dipole emitters with different configurations in
the vicinity of the nanohole in the unit cell, and we calculate
the electric and magnetic field components. At this point, we
choose two different sets of four dipoles each, emitting at SPP
resonance (E = 1.639 €V) and at BIC resonance (E = 1.428
eV), respectively. The field profiles are calculated in a 500 X
500 nm cell from a 2D monitor in the xy plane at a height of 5
nm above the glass (z = S nm). The detailed parameters of the
two sets of dipoles and of the employed apodization procedure
are listed in Section 6.

In Figure 6, we show the squared moduli of the fields for the
two excitation energies and for the two sets of positions. It can
be seen that the fields at the energy E = 1.639 eV of the SPP
mode are more susceptible to variations in the dipole positions,
leading to alterations in the electric and magnetic field
distributions. Moreover, in one case (Posl), the field profiles
are not consistent with the symmetry of the metasurface: for
example, |EI* and [HI* are not invariant under mirror reflections
in the xz and yz planes. These features are consistent with the
twofold degenerate nature of the SPP mode: indeed, such a
mode can be excited in any linear combination of the two

Pos2

Figure 6. Full comparison of the electric and magnetic field modules squared at E = 1.639 eV (SPP mode) and E = 1.428 eV (BIC mode). The
fields are calculated for a metasurface with circular holes, r, = r, = ; = 200 nm, by exciting with sets of dipoles in two positions (Pos1 and Pos2), as
specified in the text. The field profiles are calculated in a S00 nm X 500 nm cell at a height of S nm above the glass (z = S nm).
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Figure 7. (a) Symmetries of the square lattice with circular holes, (b) E, and H, field profiles, and (c) character table of the point group C,,. The
mode profiles correspond to the irreducible representation B,. The field profiles are calculated in a 500 X 500 nm cell at a height of S nm above the

glass (z = S nm), as in Figure 6 for E = 1.428 eV.

6=0°,E=1.428¢eV

6=4°,E=1.417 eV

6=-4°,E=1417eV
|E|?

75

0

Figure 8. Electric field modulus squared for a metasurface with circular holes with r; = r, = r; = 200 nm (panels (a—f)) and for oval holes with r, =
200 nm, r, = 240 nm, and r; = 160 nm (panels (g—1)). The fields are calculated at normal incidence, energy E = 1.428 eV, and at 0 = + 4°, E =
1.417 eV, by exciting with either a right- or a left-circularly polarized plane wave. The incident field amplitude is E = 1 V. m™', so that the plotted
quantity is the intensity enhancement. Notice that the maximum intensity in panels (j and k) is |E* = 160 V> m™2 The field profiles are calculated
in a 500 X 500 nm cell at a height z = S nm above the bottom of the metal. The hole profiles are indicated by thin white lines.

degenerate eigenmodes, depending on the exact conditions for
the excitation. Thus, the field profiles at E = 1.639 eV confirm
that we are exciting a twofold degenerate, dipole-active SPP
eigenmode. In contrast, at the energy E = 1.428 eV, the
squared moduli of the electric and magnetic fields do not
change with different positions of the dipoles and are fully
consistent with the C,, symmetry of the square lattice. This
gives firm evidence for the identification of the mode at E =
1.428 eV as a nondegenerate BIC. Indeed, when the mode is
nondegenerate, its field profiles under resonant excitations are
robust and not sensitive to variations in dipole locations.

In order to identify the symmetry properties of the BIC
mode, in Figure 7, we examine the symmetry operations of the
C,, point group (Figure 7a) and their effect on the E,, H, field
components (Figure 7b), comparing with the C,, character
table (Figure 7c). The effect of a symmetry operation Oona

vector field V(r) is OV(r) = (éV)(é_lr), i.e, the operator
acts both on the vector components and on their spatial
dependence. Keeping in mind that the electric field E is a
normal (polar) vector, while the magnetic field H is a pseudo-
(axial) vector, we can verify easily that both components
transform according to the B, irreducible representation. For
example, both E, and H, change sign under a C, rotation, while
they do not change sign under a C, rotation. We now examine
the effect of o, (mirror reflection in a vertical xz or yz plane)
and o, (mirror reflection in a vertical plane rotated by 45° or
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135° with respect to the xz plane). The spatial dependence of
E, is even under o, while the spatial dependence of H, is odd,
but the H, component of the pseudovector H is also odd under
o,: thus, both components are eigenvectors of a ¢, operator
with eigenvalue +1. A similar reasoning shows that both
components are eigenvectors of a o¢; operator with an
eigenvalue —1. We, therefore, conclude that the resonance at
E = 1.428 eV originates from a plasmonic symmetry-protected
BIC that belongs to the B, irreducible representation of point
group C,, for the case of circular holes. The symmetry breaking
upon deformation of the circular holes into oval holes gives rise
to a quasi-BIC with nearly maximal CD in the absorption
spectra.

We further investigate the properties of the BIC mode by
looking at the electric field enhancement for left and right CPL
in the case of circular and oval holes metasurfaces, namely,
circular hole in the Au film with r; = r, = r; = 200 nm and oval
holes with r; = 200 nm, r, = 240 nm, and r; = 160 nm. In
Figure 8, we show the squared modulus of the electric field in a
xy cross section near the bottom of the Au film (z = 5 nm) for
the energies of maximum absorption at BIC resonances at 8 =
0° (E=1428eV) and at O = + 4° (E = 1417 eV).

In the case of normal incidence (6 = 0°) and circular holes,
the incoming radiation is uncoupled to the BIC mode, and
there is no field enhancement. For oval holes, there is some
enhancement, implying the excitation of a quasi-BIC mode,
and we can see that fields for left and right circular
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polarizations are inverted under mirror reflection in the xz
plane. On the other hand, at oblique incidence (0 = + 4°), the
field is weakly enhanced in the case of circular holes for left
and right CPL, and the polarization is inverted under reflection
in the xz plane, which is the only mirror plane in this situation.

In the case of oval holes at 8 = 4°, there is a marked
difference between the local fields for the two circular
polarizations: the quasi-BIC mode is uncoupled for right
CPL, while it reaches a maximum value of |EI* = 160 V> m™2
for left CPL (i.e, beyond the scale of the colorbar).
Meanwhile, for 8 = —4°, the quasi-BIC mode is uncoupled
for left CPL, while it reaches a maximum value of [EI* = 160 V*
m™? for right CPL.

These results show that the quasi-BIC mode in the
symmetry-broken metasurface is characterized by a strong
enhancement of the local electric field, which is further
increased at the angle 6 = + 4°, where the CD is maximized. In
short, maximum extrinsic chirality spawn from the BIC is
associated with a strong local field enhancement when a nearly
ideal circularly polarized state is formed.

The key findings of this study can be stated as follows. First, we
predict nearly maximum CD in an Au metasurface with oval
holes in the near-IR range. Second, we show that this
phenomenon originates from a plasmonic BIC supported by
the metasurface with circular holes, which evolves into a quasi-
BIC upon the deformation of the holes. The quasi-BIC yields a
strong chiral response at a finite value of the angle of incidence
along the orientation that maximizes the symmetry-breaking
effect. While the BIC itself is uncoupled to far-field radiation,
identification of the BIC mode follows from several features:
the optically active quasi-BIC (upon deformation and/or at
non-normal incidence) is much narrower than the SPP mode;
the field profiles do not depend on simulation conditions,
indicating the occurrence of a nondegenerate resonant mode;
finally, symmetry analysis of the field profiles for circular holes
indicates an irreducible representation of the C,, point group,
which is dipole-forbidden at k = 0.

It is interesting to ask what are the conditions for a
plasmonic BIC to occur in metasurfaces of the kind
investigated here, namely, nanohole arrays supporting an
EOT with SPP resonances. We believe that a crucial factor is to
choose the geometrical parameters in such a way that the BIC
occurs on the low-energy side of the SPP peak. The reason is that
the SPP peak at normal incidence occurs at the energy of the
folded SPP modes, whose dispersion is very close to the light
line.>* Thus, the frequency of the SPP mode at k = 0 is also a
diffraction cutoff. When the BIC mode is below the SPP mode,
it is immune to diffraction, while when the mode falls above
the SPP mode, it is subject to diffraction at high angles with a
strong radiative broadening, thereby destroying the BIC
nature.

Another interesting question that calls for further research is
the limiting Q-factor of the quasi-BIC in the investigated
metasurfaces and its relation to metallic losses, especially when
changing the resonant wavelength. Indeed, the higher quality
factor of the BIC modes compared to SPP modes paves the
road toward plasmonic resonant applications, characterized by
larger local field enhancement and narrower resonances. In the
present work, we exploit a BIC in a plasmonic nanohole array
in order to enhance CD in absorption. Thus, we do not need
to leverage the coupling to lattice modes,””*® and the present
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structure is expected to preserve the advantage of the smaller
footprint granted by plasmonic platforms. There is room for
improving the Q-factor of BIC resonances by proper
optimization. These advantages are especially relevant if we
aim at operating the plasmonic metasurface sustaining BIC
modes toward the infrared range of the spectrum at telecom
wavelengths.

The absorption CD upon symmetry breaking of the circular
holes raises up to a maximum value close to +1, it is almost
independent of the size of the deformation, and the angle of
maximum CD is proportional to the deformation. All these
features are similar to those of dielectric metasurfaces,>*>%*¢%
and suggest that the present plasmonic structure supports
topological singularities that evolve from a symmetry-protected
BIC into circularly polarized states for any amount of
symmetry breaking. Interestingly, this phenomenon occurs in
a metal metasurface that is subject to dissipation, suggesting
that these topological properties are nearly immune to ohmic
losses. Further research is needed in order to elucidate the
interplay between BICs (or, in general, topological singular-
ities) and dissipative losses, which are typical of plasmonic
materials. In any case, we can conclude that the concept of a
plasmonic BIC with symmetry breaking is a promising route to
achieve a strong chiral response in metallic metasurfaces, with a
robust design that is almost independent of the magnitude of
the deformation. We also underline the simplicity of the
geometry, which can be produced by both advanced
lithography techniques or with low-cost self-assembling
shadow-sphere lithography.**”’

Another important finding of the present work is that the
maximum value of the CD is found in both absorption and
emission, and it is associated with a strong local field
enhancement. Since the CD is maximum for a wide range of
deformations, there is room for further optimization of the
field enhancement. This can be exploited at the fundamental
level to enhance all processes that rely on radiation—matter
interaction, such as the control of chiral nonlinear optical
effects and of chiral emission in active plasmonic metasurfaces.
Also, it is promising for various applications that range from
chiral sensing to quantum technologies. One could envisage,
e.g, introducing local emitters in the nanoholes and
investigating quantum correlations between pairs of circularly
polarized photons emitted at + 6. The results of the present
work suggest that such a process would be nearly immune to
losses, which is a crucial condition for the possible observation
of true quantum correlations.

In this section, we provide the parameters of the dipole
configurations that we used in the study to obtain Figure 6.
These dipoles were positioned in the vicinity of the nanohole
array at height z = 0 and emitting at SPP and BIC resonances.
We set the phase of each dipole to 0°. The two sets of
parameters are shown in Table 1 and include the in-plane
positions (x, y) as well as the orientations given by the polar
and azimuthal angles 6, ¢.

Moreover, we collected the data from a 2D monitor in the xy
plane, and this monitor was positioned at z = S nm above the
glass substrate. We set the apodization of the monitor at the
start to exclude the effects that occur at the end of the
simulation. The apodization in the 2D monitor is centered at
300 fs with a time width of 50 fs, allowing it to filter out the
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Table 1. Dipoles Characterization at z = 0
positionl position2
0 (deg) ¢ (deg) (xy)nm 0 (deg) ¢ (deg) (xy)nm
dipolel 45 0 (172, 100) 45 0 (=90,
100)
dipole2 33 0 (~180, 0) 33 0 (120, 50)
dipole3 0 0 (~150, 0 0 (30,
—130) —150)
dipole4 45 222 (0,0) 45 222 (30,
—150)

field directly radiated by the dipole, leaving only the field of the

resonance.
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