REVIEW

ADVANCED
PHOTONICS
RESEARC

pen Access,

www.adpr-journal.com

Chiral Emission from Optical Metasurfaces and

Metacavities
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Chiral emission exhibiting a large degree of circular polarization (DCP) is
important in diverse applications ranging from displays and optical storage to
optical communication, bioimaging, and medical diagnostics. Although chiral
luminescent materials can generate chiral emissions directly, they frequently
suffer from either low DCP or low quantum efficiencies. Achieving high DCP and
quantum efficiencies simultaneously remains extremely challenging. This review
introduces an alternative approach to chiral emission. Chiral emission with large
DCP can be readily achieved by combining conventional achiral emitters with
chiral metasurfaces. Particularly, this article focuses on recent experimental and
theoretical studies on perovskite metasurfaces and metacavities that employ
achiral perovskite materials. First, chiral photoluminescence from extrinsic and
intrinsic perovskite metasurfaces is explained together with theoretical discus-
sions on metasurface design based on reciprocity and critical coupling. Chiral
photoluminescence from other achiral materials is also explained. Subsequently,
chiral electroluminescence from perovskite metacavities and other achiral
materials is discussed. Finally, it is concluded with future perspectives. This
review provides physical insights into how ideal chiral emission can be realized by
optimizing the design of metasurfaces and metacavities. Compact chiral light
sources with both near-unity DCP and strong emission intensities can have far-
reaching consequences in a wide range of future applications.

1. Introduction

be superimposed onto their mirror images.
Such chiral objects can be obtained by
breaking the mirror symmetries of the
objects and they can respond differently
to incident left circularly polarized (LCP)
and right circularly polarized (RCP) light.
Numerous natural materials including
amino acids, deoxyribonucleic acids (DNA),
proteins, and sugars exhibit chiral optical
(chiroptical) responses such as circular
dichroism and optical activity. However,
the chiral responses in natural materials
are typically weak. To address this chal-
lenge, both intrinsic and extrinsic chirality
in plasmonic and dielectric resonant
nanostructures have been widely studied
to substantially enhance the chiral
responses.(* " Intrinsic chirality origi-
nates from the geometric properties of
mirror-symmetry-broken nanostructures;
meanwhile, extrinsic chirality also con-
siders light illumination conditions
(Figure 1a,b).'*'*! Therefore, extrinsic
chirality can emerge even in optical nano-
structures with mirror symmetry. Due
to the Lorentz reciprocity, the chiral
effects in the linear optical regime can

Chirality is widespread in nature.' It can be observed at sig-
nificantly different scales ranging from subatomic particles and
biomolecules to spiral galaxies. In general, chiral objects cannot
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be achieved intrinsically by breaking structural mirror symme-
tries or extrinsically by misaligning the direction of the exci-
tation beam with the symmetry axes.!'®! Three-dimensional
(3D) nanostructures, such as helices, twisted multilayers,
and gyroid structures, can exhibit intrinsic chirality.®*7-2%
However, because of the fabrication challenges of such
3D nanostructures, two-dimensional (2D) planar chiral struc-
tures (e.g., gammadions and z-shaped structures) have been
extensively studied by the nano-optics community.['7~1%:23-26]
Planar intrinsic chirality in such 2D chiral structures can
exhibit strong chiroptical responses at normal incidence with-
out mirror symmetry breaking in the normal (out-of-plane)
direction. However, in contrast to 3D intrinsic chirality, such
planar chiral structures exhibit opposite chiral responses when
light is illuminated from the bottom because of the reversed
rotational direction of the chiral structure. Planar chiral struc-
tures with anisotropic geometries can also exhibit circular
polarization conversion at normal incidence.

Metasurfaces have been employed as a general platform
for chiroptical studies with unprecedented design flexibility
compared with natural materials.””~" Highly enhanced chiral
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Figure 1. Intrinsic and extrinsic chirality. Schematic for a) intrinsic chirality and b) extrinsic chirality. Intrinsic chirality originates from the geometric
properties of the mirror-symmetry-broken nanostructures, whereas extrinsic chirality considers the light illumination condition as well. Although the
triangular pattern in (b) has a mirror symmetry plane (e.g., yz-plane), it can have chiral responses at an oblique incident angle 6. c) Schematic for
the reciprocity calculation. Chiral emission can be calculated by integrating the field enhancement in a light-emitting medium under circularly polarized
light incidence. d) In ideal chiral light sources, light emission for one helicity (e.g., right circularly polarized or RCP emission) is strongly enhanced while
the other helicity (e.g., left circularly polarized or LCP emission) is suppressed. Reproduced with permission.*® Copyright 2023, Wiley-VCH.

light-matter interactions in metasurfaces are essential in impor-
tant applications including enantiomer selection, chiral molecu-
lar sensing, chiral quantum optics, and quantum materials
engineering.?** Circular dichroism (CD) indicates a difference
in the outcomes of light-matter interaction. It is a commonly
used parameter to characterize the chiral responses of metasur-
faces in reflection, transmission, and absorption. For example,
CD for transmission is commonly defined as CDy = (Tx— T1)/
(Tr + T1), where Ty is the transmittance under RCP (LCP)
illumination.

Particularly, chiral light emitters exhibiting a large degree of
circular polarization (DCP) are highly desirable in technologies
ranging from displays and optical storage to optical communica-
tion, bioimaging, and medical diagnostics.***! The DCP is a
key parameter characterizing emission chirality. DCP p. is
defined as the ratio of RCP to LCP emission intensities:
Pc= (Ircp — Iicp)/(Ircp + Ircp). The DCP value ranges from
—1 to 1; its magnitude lies between 0 and 1, and its sign can
be either positive or negative (corresponding to the RCP or
LCP emission). It is also related to the normalized Stokes param-
eter: p. = S3/So. Note that luminescence dissymmetry factor g,
is another common parameter to characterize chiral emission
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(usually used for chiral molecules), which is related to DCP as
follows: gium = 2(Ircp — Ircp)/(Ircp + Ircp) =2p.. In general,
chiral light sources can be constructed using a linear polarizer
and quarter-wave plate. However, these bulky optical elements
are undesirable for integrated device platforms. The direct
generation of chiral emission from luminescent materials
would enable the development of various compact devices.
Chiral luminescent materials such as chiral perovskites, con-
jugated polymers, and metal complexes can be used to generate
chiral emission.***®) However, these chiral materials often
suffer from either low DCP or low internal/external quantum
efficiencies. Achieving high DCP and quantum efficiencies
simultaneously at room temperature remains extremely chal-
lenging. For recent progresses in chiral luminescent materials,
refer to recent reviews on chiral organic materials!*¢=*#> and
chiral perovskites.[*->%

Here, we introduce an alternative approach to chiral emission.
Chiral emission with large DCP can be achieved by combining
conventional achiral emitters (such as dye molecules, semicon-
ductor quantum wells or dots, and perovskite materials) with chi-
ral metasurfaces. Achiral emitters with high internal quantum
efficiencies can be employed for chiral emission using intrinsic
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or extrinsic chiral nanostructures. In this article, we review the
recent progresses in chiral emission from optical metasurfaces
and metacavities. Particularly, we mainly discuss recent experi-
mental and theoretical studies on perovskite metasurfaces and
metacavities conducted within our own research group.®*¢%
Lead halide perovskites, including hybrid organic-inorganic
and all-inorganic perovskites, have a significant potential for
use in light-emitting devices owing to their ability to exhibit
high photoluminescence (PL) quantum yields, high color
purity (or narrow emission linewidth), and high charge-carrier
mobility.*7%) The widely tunable bandgap energy makes
perovskite materials ideal light sources in the visible spectral
range. Chiral perovskite materials can be created by incorporat-
ing chiral organic ligands on the surface of perovskite crystals
or by intercalating chiral organic cations into the perovskite lat-
tice; however, they typically exhibit a low DCP. Although chiral
perovskites can enable the direct optical control of spin polari-
zation, DCP is typically limited to a few percent at room tem-
perature because of the fast spin relaxation (on the order of
picoseconds) relative to the long radiative recombination time
(on the order of nanoseconds).”>”* Therefore, it is highly
desirable to develop alternative strategies to achieve high levels
of chiral emission using widely available achiral emitters.

In this review, we introduce chiral PL from extrinsic and
intrinsic metasurfaces using achiral perovskite materials. We
also review the chiral PL from other achiral emitters. Then,
we discuss chiral electroluminescence (EL) from perovskite
metacavities and other achiral emitters. In the case of the perov-
skite metasurface, the metasurface itself can be defined by light-
emitting perovskite materials. Note that the refractive index of
the perovskite material is higher than that of surrounding mate-
rials (PMMA and quartz). Therefore, the perovskite metasurface
itself emits light with high levels of circular polarization. For
other achiral emitters (dye molecules, quantum dots, etc.), emit-
ters are usually combined with dielectric metasurfaces made of
other materials (such as TiO, and Si). Finally, we conclude this
review with future perspectives including discussions of chiral
polariton states in the strong-coupling regime.

This review provides physical insights into the realization of
optimal chiral emission by appropriately designing chiral meta-
surfaces and metacavities. Here, we explain the generation of chi-
ral emission from achiral emitters using the Lorentz reciprocity
principle. The light emission problem is converted into the field
enhancement calculation under light incidence using the reci-
procity principle (Figure 1c). Chiral field enhancement in optical
metasurfaces can be properly engineered to obtain optimal chiral
emission. The maximized field enhancement for one helicity of
circular polarization can be achieved via critical coupling while
the field enhancement for the other helicity is strongly sup-
pressed. This chiral field enhancement leads to high levels of chi-
ral emission via reciprocity (Figure 1d). Chiral emission with
both near-unity DCP and strong emission intensities is impor-
tant for the development of ideal chiral light sources.

Before discussing the details of chiral emission, we clarify our
definition of circular polarization. The definition follows that in
Hecht’s book;”*! the electric field vector rotates clockwise in time
for RCP light when looking at an incoming wave. The rotational
direction is reversed when we look in the other direction (i.e., the
outgoing wave). Circular polarization measurements frequently
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involve tricky technical issues such as polarization distortion and
artifacts. For more details, refer to recent articles that discuss
such technical issues.*"7¢!

2. Chiral Photoluminescence

2.1. Chiral Photoluminescence from Perovskite Metasurfaces
Via Extrinsic Chirality

Perovskite metasurfaces introduce nanopatterning in perovskite
thin films to induce either localized optical resonances or delo-
calized (extended) optical modes.””*! Figure 2 explains how a
pair of LCP and RCP emissions can be generated from an achiral
perovskite film with symmetry-broken patterns on a substrate
(Figure 2a).”® Figure 2b shows the detailed fabrication procedure.
An array of triangular silver nanostructures with relatively large fea-
ture sizes (the side length of the triangular pattern: 350 nm) was
patterned onto a quartz substrate (silver thickness: 40 nm). The
silver patterns were first covered by a 10nm AlLOs layer.
Subsequently, a 210nm thick perovskite (MAPDbI;) film was
spin-coated on top of the silver pattern and annealed for crystalliza-
tion. Finally, a 10 nm protective layer of poly(methyl methacrylate)
(PMMA) was spin-coated on top of the perovskite film. Figure 2c
displays the schematic for the side view of the sample, while
Figure 2d shows the scanning electron microscopy (SEM) image
of the symmetry-broken (triangular) silver patterns (top view).

The angle-resolved reflectance and PL spectra were measured
using a custom-built Fourier-plane setup. For Fourier-plane meas-
urements, the back focal plane of the microscope objective was
imaged instead of the sample surface.®>#*! The angle-resolved spec-
trum could be obtained either by scanning a pinhole over the
Fourier plane or using a monochromator slit as the line aperture
in the Fourier plane (i.e., single-shot measurement). A linearly polar-
ized diode laser was used as the excitation light source for the PL
measurements. The circular polarization of the perovskite emission
was measured using a linear polarizer and quarter-wave plate.

The reflection spectrum clearly exhibits Fano resonance
features®* % with a highly asymmetric resonance peak because
of the interference between the broad background Fabry—Perot
resonance of the perovskite slab and the narrow-guided mode
resonance resulting from the periodic patterns. Because of the
symmetry-broken triangular silver patterns on the substrate, a
strong chiral response was induced via extrinsic chirality.
Figure 2e£f display the measured differential reflectance
(AR = Rrcp — Ricp) and PL spectra as a function of wavelength
Ao and in-plane wavevector k,/ko. The in-plane wavevector is
defined as k,/ko = sin 0, where ko= 27/Ao (4o is the wavelength
of light in freespace) and 0 is the emission angle along the x-axis.
0=0° (or k,=0) indicates the normal direction. The difference
in the spectral position between the reflectance and PL spectra
can be attributed to the manifestation of chiral Fano resonances.
In particular, chiral emission can be strongly enhanced in the
narrow-mode position of chiral Fano resonances. High levels
of chiral perovskite emission (DCP = 0.524) were obtained at
room temperature at relatively small emission angles below
10° (Figure 2e). This design does not involve direct patterning
of the perovskite layer. Therefore, the exceptional optoelectronic
properties of the perovskites can be preserved.
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Figure 2. Chiral emission via chiral Fano resonances (extrinsic chirality). a) Schematic for the sample, where an organic-inorganic hybrid perovskite
(MAPbI3) is spin-coated on top of triangular silver patterns. b) Schematic for the fabrication procedure. c) Schematic for the sample side view.
d) SEM image of the triangular silver patterns. e) Differential reflectance spectrum AR (= Rgrcp — Ricp) and f) photoluminescence (PL) DCP p..
Both AR and p. show gradual changes with increasing periods. A clear correlation between AR and p. is observed, together with a spectral offset between
them. The horizontal dashed lines indicate the peak wavelengths of p.. Note that the PL p. spectrum becomes noisy beyond 820 nm because PL intensi-
ties become significantly weakened beyond 820 nm. Reproduced with permission.”® Copyright 2021, American Chemical Society.

Detailed theoretical analyses have revealed that a large differ-
ence in the field intensity under RCP and LCP light incidences is
induced at the narrow-mode position of the chiral Fano
resonances.”’ % The field enhancement of opposite helicity
occurs at opposite angles. This chiral field enhancement leads
to the directional coupling of chiral light emission in opposite
directions, depending on the helicity of the light. The RCP
and LCP components of the perovskite emission couple

Adv. Photonics Res. 2024, 2400060 2400060 (4 of 17)

into counter-propagating slab modes and eventually radiate
at opposite angles in free space, resulting in high levels of
chiral emission. The spectral features in the experiments
can be further explained using the temporally coupled mode
theory and causality relation of the lattice-dressed dipole
polarizability.[®!

Figure 3 displays two more recent experimental demonstra-
tions of chiral emission from perovskite metasurfaces via
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Figure 3. Chiral emission from perovskite metasurfaces via extrinsic chirality. a) Triangular hole patterns are created on a perovskite film (MAPblI;).

The broken in-plane inversion symmetry in the perovskite metasurface

produces pairs of LCP and RCP PL in the opposite oblique directions,

resulting in high levels of chiral emission (DCP~0.6) at room temperature. Reproduced with permission.’’l Copyright 2022, Wiley-VCH.

b) Perovskite (FAPbBr3;) metasurfaces made on a patterned SiO, film.

Photonic states with different spins at opposite valleys are created by

geometric phases in the metasurface. Both chiral emission and chiral lasing are demonstrated in the same perovskite metasurface.

Reproduced with permission.l®® Copyright 2023, Springer Nature.

extrinsic chirality. The works in Figure 2 and 3 studied similar
subjects and are complementary to each other. Therefore, we
introduce them together in this section. In Figure 3a, an array
of triangular holes was patterned on a 170 nm thick perovskite
film (MAPbI;) using nanoimprint lithography.””! The broken
in-plane inversion symmetry in the perovskite metasurface pro-
duced pairs of LCP and RCP PL in opposite oblique directions,
resulting in high levels of chiral emission (DCP ~ 0.6) at room
temperature. In Figure 3b, a spin-valley-locked perovskite meta-
surface was used to generate chiral emissions at a large emission
angle of 41°.°® The perovskite metasurface was fabricated by pat-
terning photonic structures on SiO, and growing polycrystalline
perovskites (FAPbBr;) using a self-limiting assembly technique
(see scanning electron microscopy image). The spin-dependent
geometric phases in the metasurface were imparted into the
bound states in the continuum (BICs) via Brillouin zone folding.
This produced leaky photonic states with different spins in oppo-
site valleys (producing pairs of RCP/LCP PL at two large opposite
angles). Chiral lasing was also demonstrated using the same
perovskite metasurface, resulting in a high DCP of 0.91 and a
small beam-divergence angle of 1.6°.
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2.2. Chiral Photoluminescence from Perovskite Metasurfaces
Via Intrinsic Chirality

Chiral metasurfaces can significantly enhance chiral responses
with unprecedented design flexibility. However, obtaining opti-
mal chiral emission with near-unity DCP remains a challenge.
Moreover, in extrinsic chiral metasurfaces, the RCP and LCP
emissions are generated in pairs and emitted at two opposite
oblique angles. Recently, chiral emission in the normal direction
was demonstrated using a perovskite metasurface with planar
chiral geometries without breaking the out-of-plane mirror sym-
metry.BY However, typical planar chiral metasurfaces (such as
gammadions and z-shaped pattern arrays) generate opposite hel-
icity of chiral emissions upward and downward, following the
chiral response of planar intrinsic chirality. Therefore, the 3D
intrinsic chirality with the maximum chiral response is desirable
for high levels of chiral emission in the normal direction with the
same helicity of chiral emissions upward and downward.
Objects with maximum chirality should interact strongly with
one helicity of circular polarization and not interact with the
other helicity. Moreover, the polarization state should remain
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unchanged during this interaction; thus, the helicity of the
incident fields should be preserved.’” Maximum chirality is
important for maximizing chiral light-matter interactions.
These chiral interactions can be implemented, e.g., using chiral
BICs. Optical BICs are the eigenmodes embedded in a radiative
continuum."°'%®! BICs provide a new avenue for strong light
confinement via symmetry mismatch or destructive interference
and are a new platform for high-Q optical resonances and strong
field enhancement. Recently, the concept of optical BICs has
been extended to chiral resonances.?®1%°11¢ Chiral BICs can
be created by breaking the out-of-plane mirror symmetry of opti-
cal metasurfaces. Using chiral BICs, chiral interactions can be
maximized for one helicity via critical coupling, while maintain-
ing transparency for the other helicity. Maximum chirality via
chiral BICs is highly desirable in the visible spectral range, where
important applications of chiral emission exist. However, such
3D intrinsic chirality requires breaking the out-of-plane mirror
symmetry, and its experimental realization is challenging.

Figure 4 displays an experimental demonstration of such
chiral BICs and maximally chiral emission using perovskite
metasurfaces.[*” Chiral BICs are realized in the visible range
by controlling the etching depth in the substrate and inducing
out-of-plane symmetry breaking. An achiral perovskite layer
(organic-inorganic hybrid perovskite layer, (PEA),Pbl,) was
spin-coated onto a patterned glass substrate, followed by anneal-
ing and overcoating with a thick PMMA layer (Figure 4a). The
perovskite layer has a higher refractive index than the surround-
ing medium (PMMA and quartz); thus, it forms a dielectric meta-
surface. The intrinsically chiral metasurface consists of a square
lattice of paired rectangular bars. Chiral quasi-BICs can be cre-
ated in such pairs of dielectric (perovskite) bars by adjusting the
bar tilt angle 6 and height difference D together (Figure 4b). This
condition corresponds to antiparallel dipoles of the same magni-
tude with in-plane rotation € and vertical offset d (= D/2), which
satisfy 6 « d. The radiation of the antiparallel dipoles without an
in-plane rotation or vertical offset nearly cancels out in the nor-
mal direction. However, by tilting the two dipoles outward with a
proper vertical offset, a chiral quasi-BIC resonance can be
induced. Figure 4c displays a comparison of the simulated field
profiles in the normal incidence direction. A chiral response does
not exist at a zero tilt angle. However, for the tilted bars (14°), the
RCP field intensity is significantly enhanced, whereas the LCP
field intensity is strongly suppressed, clearly indicating that
extreme chiral responses exist in the metasurface.

In the experiment, grayscale electron-beam lithography was
employed to control the etching depth in the substrate and
induce out-of-plane symmetry breaking. Figure 4d displays the
SEM images (top view) of the patterned resists after develop-
ment, while Figure 4e shows the cross-sectional SEM image (side
view) of the sample after quartz etching. The reflection and PL
measurements clearly indicate the features of the chiral quasi-
BICs in the visible spectral range. By properly adjusting the
in-plane and out-of-plane symmetry breaking, chiral emission
with an extremely high DCP (approaching 0.9) was demonstrated
in the normal direction. Figure 4f displays the emission enhance-
ment factors of the RCP and LCP emissions (red and blue curves,
respectively) and corresponding DCP with varying tilt angles
(green curve). Both the top and bottom emissions exhibit the
same helicity, thereby confirming the 3D intrinsic chirality.
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Maximally chiral emission can be understood from the reci-
procity principle, which states that swapping the positions of
the electromagnetic field source and detector does not change
the physical situation. This implies that the far-field radiation
power and polarization from an ensemble of randomly posi-
tioned and oriented dipolar emitters can be obtained by calculat-
ing the field enhancements at the dipole positions under incident
light. The reciprocity principle ensures that the field enhance-
ment calculation in the emission layer yields the same outcome
as the dipole ensemble calculations. Compared with typical
dipole simulations, reciprocity analysis simplifies emission cal-
culations and provides insights into the optimal design of meta-
surfaces because field enhancement in optical nanostructures is
more straightforward to understand and optimize than directly
addressing randomly positioned dipole ensembles.

The Lorentz reciprocity principle states!''”''®l that for any two
current densities j ,

[i-Eav = [, Eav 1)
where E;, is the electric fields produced by j;,. For a dipole
source py,, where j,, = —iwp,,5(r — r,,,) (m =1, 2), this is simpli-
fied to

p - Ex(ri) =p, - Ei(r) (2)

Therefore, using reciprocity, we can obtain the emission
enhancement by calculating the field enhancement under an
incident plane wave into a light-emitting medium.!"**"'** In chi-
ral emission calculations, circularly polarized plane waves are
incident on a perovskite metasurface at varying angles. By inte-
grating the total electric field intensity in the perovskite region
and normalizing it to the integrated field intensity in empty
space, we can obtain the emission enhancement for each emis-
sion angle: Izcp and Ijcp for the RCP and LCP incidences,
respectively. Note that the hat notation for the enhancement fac-
tor indicates that it is a normalized quantity. Assuming that the
light-emitting medium is achiral, the theoretical DCP is calcu-
lated as p. = (Ircp — Iicp)/(Ircp + ficp).

Under incident circularly polarized light, chiral quasi-BICs
can induce strong field enhancement for one helicity while
decoupled from the other helicity, leading to high levels of chiral
emission via reciprocity. From the temporal coupled mode the-
ory, the field enhancement [ in an optical mode is related to the Q
factors (or damping rates)““’lzs]

. Qo
T T et o

where Q = wo/2(y; + 7nr) and Q, = wy/2y, are the total and radia-
tive Q factors, respectively. Here y, and y,, are the radiative and
nonradiative damping rates, respectively. We observe that the
field enhancement (or emission enhancement) depends on
the balance between the radiative and nonradiative damping
rates. From df/dy, = 0, we find that the emission enhancement
reaches a maximum at y, = yy, (critical coupling). At this critical
coupling condition, the maximum field enhancement is I o 1/
7ar- This implies that the maximum field enhancement (or emis-
sion enhancement) is ultimately limited by the nonradiative
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Figure 4. Maximally chiral emission via chiral quasi-bound states in the continuum (BICs) (intrinsic chirality).
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a) Sample schematic. Grayscale lithography

is employed to control the etching depths in the substrate and induce out-of-plane symmetry breaking. b) The metasurface supporting a chiral quasi-BIC
resonance consists of pairs of rectangular bars, which hold antiparallel dipoles with in-plane rotation 6 and vertical offset d (= D/2, where D is the height
difference between the two rectangular bars). c) Electric field intensities in the normal incidence direction for the bar tilt angles of 0° and 14°, which are
measured in the middle plane of the bar pair. d) SEM image of patterned resists after development. e) SEM image of the cross-sectional view of the etched
glass substrate showing a depth difference of D & 25 nm in the bar pair. f) Angle-resolved PL spectra for varying tilt angles in the normal direction (k, = 0).
At a tilt angle of 14°, RCP PL is strongly enhanced while LCP PL is strongly suppressed. Therefore, PL DCP reaches a near-unity value. g—i) Reciprocity
calculations for gradually varying tilt angles at a fixed height difference of D =25 nm. g) Peak enhancement factor, h) DCP, and i) Radiative and non-
radiative Q factors obtained from numerical simulations. Reproduced with permission.®” Copyright 2023, Wiley-VCH.
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damping rate (or absorption losses). Therefore, if an metasurface
is defined by a light-emitting medium itself (as in Figure 4), the
ultimate emission enhancement is limited by the absorption
losses of the light-emitting medium.

Chiral emission with near-unity DCP (|p.| — 1) together with
the maximized emission intensity can result from chiral quasi-
BICs. Light-emitting perovskite metasurfaces that support chiral
BICs can satisfy these two conditions almost at the same time.
Note that it is important to achieve the high emission intensity as
well as large DCP. Because the DCP is a ratio between the two
emission intensities, it can be huge even when the actual emis-
sion intensities are negligibly small. From p.= (Igcp — Ircp)/
(Ircp + Iicp), the ideal chiral emission can be achieved when
i) one helicity is decoupled from the outside (e.g., I cp — 0)
and ii) the field intensity enhancement is maximized for the
other helicity via critical coupling (e.g., [rcp — maximum).

Figure 4g-i illustrate this case for a perovskite metasurface
using numerical simulations.’®” Figure 4gh display how the
peak enhancement factors for the RCP and LCP emissions
and resulting DCP change with bar tilt angle. DCP is maximized
around 14°-20°, reaching a near-unity value (p.~0.98). To
directly investigate the critical coupling condition, the radiative
and nonradiative damping rates (y, and y,,, respectively) and
corresponding Q factors are extracted from the simulated absorp-
tance spectra. Figure 4i displays how these two Q factors change
with the tilt angle. As the bar tilt angle increases, the radiative
Q factor (Q,) decreases rapidly and approaches the nonradiative
Q factor (Qyy). Although they do not cross (meaning that the exact
critical coupling does not arrive), they approach each other very
closely around 14°-20°. This explains why the peak emission
enhancement changes rather slowly and is maximized over a
range of tilt angles.

2.3. Chiral Photoluminescence from Other Achiral Materials

Thus far, we have discussed chiral emission from metasurfaces
and metacavities employing achiral perovskite materials. Similar
chiral emission can be obtained by employing other achiral materi-
als."?*1%7 Herein, we briefly introduce such demonstrations based
on dielectric and plasmonic chiral nanostructures. Figure 5a dis-
plays chiral emission from conventional solid-state semiconductor
materials."*® Chiral emission with a DCP of 0.26 at room temper-
ature was demonstrated from InAs quantum dots embedded in a
GaAs waveguide layer using dielectric chiral nanostructures (GaAs
gammadions) on top. Similar semiconductor chiral nanostructures
have also been used to produce chiral emission with a large DCP of
~0.81 at a low temperature (5 K).'2>3¢

As shown in Figure 5b, plasmonic chiral nanostructures (e.g.,
silver nanorod pairs with a lateral shift) were used to generate
chiral emission from achiral dye molecules via planar intrinsic
chirality.'*"! An array of similar plasmonic particle pairs was also
designed to excite surface lattice resonances,**! and chiral emis-
sion with a large DCP of ~0.7 was obtained at oblique emission
angles, even for the achiral geometry (i.e., with no lateral shift in
the plasmonic particle pair) due to extrinsic chirality.

Chiral emission can also be generated from colloidal quantum
dots.['*>1%%) In Figure S5c, a planar metasurface consists of a
periodic array of silicon pillar dimers with broken in-plane mirror
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symmetry."** A thin film of PbS/CdS quantum dots was coated on
the silicon metasurface to generate chiral emission with a large
DCP of 0.74 and strongly enhanced emission intensities. Chiral
emission from quantum dots has also been demonstrated using
plasmonic split ring resonant nanoantennas.** The phase-locked
interference of different multipolar moments resulted in chiral
emission because the spin of the emitted photons was locked to
their transverse momentum. A pair of RCP and LCP emissions
was generated into the opposite halves of the symmetry plane of
the achiral split-ring nanoantenna owing to extrinsic chirality.

Figure 5d,e displays chiral lasing from dielectric metasurfaces.
In Figure 5d, the chiral emission and chiral lasing of dye mol-
ecules were demonstrated using intrinsic chirality in resonant
metasurfaces.l''® Instead of challenging out-of-plane symmetry
breaking, tilted planar geometries were adopted to create high-Q
chiral quasi-BICs with a giant field enhancement (i.e., realizing
3D intrinsic chirality). The same dielectric metasurface structure
exhibited high DCP in both the spontaneous emission (i.e., chiral
emission) and stimulated emission (i.e., chiral lasing) regimes.
In Figure Se, a dielectric metasurface was designed to manifest
the photonic Rashba-type spin splitting of a BIC resonance.!*”!
This produced opposite spin-polarized +K valleys due to pho-
tonic spin-orbit interaction emerging under inversion symmetry
breaking. The spin-valley resonant dielectric metasurface was
combined with a 2D monolayer semiconductor (WS,) to generate
chiral lasing at the K valleys. In general, optical nanostructures
can be used to control valley-polarized emission in 2D transition
metal dichalcogenide (TMD) semiconductors.!'**4% Refer to a
recent review article for more details."*!]

3. Chiral Electroluminescence

3.1. Chiral Electroluminescence from Perovskite Metacavities

Extensive studies have been conducted on chiral emission; how-
ever, the majority have been limited to PL. A chiral EL with sub-
stantial DCP is more desirable for device applications. Figure 6
displays such a chiral EL device based on a new concept of “thin-
film chiral metacavity”.®? A layer of achiral perovskite (CsPbBrs) is
confined between a metal and metasurface mirror (“metamirror”)
created by an array of triangular silicon particles. A polycrystalline
silicon layer with broken inversion symmetry is integrated into the
thin-film EL device (Figure 6a). The bottom silicon and top metal
layers form a Fabry—Pérot cavity that confines the optical fields
internally. The bottom silicon pattern supports nonlocal (or spatially
extended) resonant modes (leaky Bloch modes)™**™*1 and func-
tions as a chiral metamirror. With this bottom layer, the resonance
condition of the Fabry-Pérot resonance is significantly modified
owing to the rapid phase change near the narrowband Bloch modes.
The inversion symmetry-broken (triangular) patterns induce strong
chiral responses at oblique incidence (or emission) angles near the
emission band (520 nm) of CsPbBr;. The eigenstate polarization
of the triangular silicon layer is close to the ideal circular polariza-
tion; thus, strong chiral responses can be achieved over a wide range
of incidence angles.

In this Fabry—Pérot cavity, both the bottom triangular silicon
pattern and top metal mirror reverse the helicity of the circular
polarization upon reflection. Therefore, field enhancement
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Figure 5. Chiral emission from other achiral materials. a) InAs quantum dots with dielectric chiral nanostructures on top. Reproduced with permis-
sion.'?8] Copyright 2011, American Physical Society, licensed under a Creative Commons Attribution 3.0 License. b) Dye molecules with plasmonic
chiral metasurfaces. Reproduced with permission.l"*"l Copyright 2013, American Physical Society. c) Colloidal quantum dots with a planar dielectric
metasurface. Reproduced with permission.'**! Copyright 2023, Wiley-VCH. d) Chiral lasing in dye molecules is achieved via 3D intrinsic chiral
BICs. Reproduced with permission.'" Copyright 2022, The American Association for the Advancement of Science. e) Chiral lasing is achieved via
photonic Rashba-type spin splitting in a 2D monolayer semiconductor. Reproduced with permission.'*”] Copyright 2023, Springer Nature.

occurs inside the cavity (similar to a conventional cavity), while
strong chiral responses are induced at oblique angles. A broad
Fabry—Pérot resonance and narrow Bloch modes are spectrally
overlapped in the optimized device geometry, and the emission
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properties are significantly modified. The chiral Fabry—Pérot
modes supported by this metacavity determine the asymmetry
of the EL, and pairs of LCP and RCP EL of equal powers are gen-
erated in opposite oblique directions.
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Figure 6. Chiral electroluminescence (EL) device based on a thin-film chiral metacavity. a) Schematic of the simulation configuration. L =200 nm,
tsi =40 nm, tiro =60 nm, ty =35 NM, toerovskite = 45 NM, tes =20 nm, and tgr. =30nm. b) EL and PL degree of circular polarization (DCP) for
the triangular pattern of the different pattern periods (250-270 nm). Both EL and PL spectra show similar behavior. c) EL and PL DCP for the circular
pattern (period 270 nm). d) EL line spectra and the corresponding DCP at k,/ko = —0.27 (or @ = —15.7°) and k,/ko = +0.27 (or = +15.7°), respectively.
The peak EL DCP reaches ~0.38. Reproduced with permission.®? Copyright 2023, The American Association for the Advancement of Science, licensed
under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).

Figure 6D displays a comparison of the measured EL and PL
spectra for different pattern periods (250-270 nm). It presents
the emission spectra as a function of wavelength A, and in-plane
wavevector k,/ko. Both the EL and PL spectra exhibit a clear chiral
response, and the chiral emission band gradually redshifts with
an increasing pattern period. It demonstrates that the EL and PL
spectra exhibit the same chiral responses. In contrast, the EL and
PL spectra from the inversion-symmetric (circular) pattern do not
exhibit such chiral responses (Figure 6¢). This confirms that a
large chiral response is generated by the inversion-symmetry-
broken (triangular) pattern and that the chiral emission
originates from the chiral behavior of the cavity resonance.
Figure 6d shows the EL line spectra at negative and positive
angles (k,/ky = —0.27 and k,/ky = +0.27 at period 270 nm).
The LCP EL intensity is higher for k, < 0, whereas the RCP
EL intensity is higher for k, > 0. The EL spectrum manifests
a substantial DCP at room temperature; the peak DCP reaches
p. ~ 0.38.

The chiral response of the metamirror can be understood
from the chiral coupled-mode theory and multipole expansion

Adv. Photonics Res. 2024, 2400060 2400060 (10 of 17)

analysis. From these analyses, it is found that the close-to-
maximum extrinsic chirality in the inversion-symmetry-broken
mirror results from the interplay of three dipole moments:
two electric dipoles (P, and P,) and one magnetic dipole (M,).

From the metamirror characteristics, we can obtain analytical
expressions for the field intensities inside the metacavity and
evaluate the field enhancement factors.'® By reciprocity, these chi-
ral field enhancements are directly related to the chiral emission.
Both the bottom metamirror and top metal mirror reverse the hel-
icity of the incident circularly polarized light by reflection while
the metamirror transmits preserving the helicity. Consequently,
the cavity modes of opposite handedness remain uncoupled. The
LCP and RCP field enhancements in the chiral metacavity can
be expressed by the following two independent modes

Pflccp || Pﬁlép |tre|*
Zikzd|2

@

1 — TR meti® [1 — 7RV merie

where 1., is the reflection coefficient of the metal mirror and k,, is
the vertical wavevector component. The chiral asymmetry of the
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field enhancement and the high DCP of the EL can be understood
from this equation. This analytical equation further reveals a differ-
ent type of interplay between the resonant and background reflec-
tions from the metamirror, depending on the cavity thickness.
These analyses elucidate the design strategies for compact chiral
EL devices that can simultaneously enhance both chiral emission
intensity and DCP.

This approach to chiral EL generation is based on the optical
mode properties of a metacavity with symmetry-broken patterns.
Therefore, chiral emission properties can be tailored by optimiz-
ing the pattern geometry and dimensions. In this metacavity
design with triangular patterns, the LCP and RCP emissions
are clearly separated into two well-defined directions (k, <0
and k, > 0). As numerous chiral applications require chiral light
beams of both helicities, this design can be useful for innovative
device integration and applications requiring ultracompact chiral
light sources. Moreover, this scheme is applicable to other achiral
materials. Chiral EL with substantial DCP can be obtained from
achiral emitters without special spin injection or filters['*>~148]

3.2. Chiral Electroluminescence from Other Achiral Materials

As stated previously, most chiral emission studies based on
metasurfaces and metacavities have been limited to chiral PL
demonstrations. However, there have been several relevant
reports recently. In Ref. [149], electrically driven chiral lasing
has been demonstrated using chiral nanostructures at a low tem-
perature (1.8 K). A chiral photonic crystal slab structure was inte-
grated on top of an electrically pumped semiconductor
microcavity, where active quantum wells were placed between
p-doped and n-doped distributed Bragg reflectors (DBRs). In
the spontaneous emission regime (chiral emission), the EL
DCP was relatively low (p. ~ 0.1). However, in the coherent las-
ing regime (chiral lasing), the EL DCP was increased to p. = 0.9.
Recently, chiral EL was also demonstrated in an organic single-
crystal microcavity, which included a 990 nm thick birefringent
organic crystal [1,4-bis((E)—2,4-dimethylstyryl)-2,5-dimethylben-
zene (6M-DSB)]."*Y Although this work did not involve an opti-
cal metasurface or metacavity, chiral EL with a large peak DCP of
0.55 was demonstrated at room temperature using the photonic
spin—orbit interaction in a birefringent organic single crystal.

Table 1 summarizes different approaches for chiral emission
from various achiral emitters. The table is grouped into two sec-
tions (chiral PL and EL) and compares key aspects in the recent
studies of chiral emission. Table 1 also includes the data from 2D
TMD semiconductor devices.">"'*?/ Although metasurfaces or
metacavities were not employed in these studies, chiral emission
was generated from achiral materials, and thus these works can
be compared with the metasurface or metacavity approach. For
the general emission characteristics of chiral emitters, refer to a
recent review on chiral materials.””)

4, Conclusion and Outlook

We reviewed the recent progress in chiral emission from optical
metasurfaces and metacavities, considering both chiral PL and
EL of achiral emitters. Chiral light sources with near-unity
DCP and strong emission intensities are desirable for important
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applications. This review provides physical insights into ideal chi-
ral emission generation using reciprocity and critical coupling.
The light emission problem is converted into the field enhance-
ment calculation under light incidence using the Lorentz reci-
procity principle. Equation (1) and (2) explained the general
reciprocity principle. The descriptions relevant to Equation (3)
and Figure 4g—i explain how critical coupling can be used to opti-
mize chiral emission. The descriptions relevant to Figure 4b,c
explain how to design the chiral BIC metasurface to realize such
ideal chiral emission. Chiral quasi-BICs can induce strong field
enhancement for one helicity of circular polarization while the
field enhancement for the other helicity is strongly suppressed,
leading to high levels of chiral emission via reciprocity. The
descriptions relevant to Equation (4) explained the optimization
procedure for chiral EL in chiral metacavities.

Finally, possible future directions for this subject are dis-
cussed. Optical coupling to the extended leaky modes enhances
the spatial coherence of the emission fields.[''*>3-"5%] Therefore,
properly designed metasurfaces can enable direct chiral emis-
sion with tailored wavefronts without employing bulky optical
elements. Chiral emission, which is normally incoherent, could
be made directional or focused by coupling it to extended optical
modes. This opens interesting new opportunities for the devel-
opment of highly functional and compact light sources.

The concept of the chiral Fabry—Pérot cavity demonstrated in
Figure 6 can be extended to single-handed chiral metacavities.
The thin-film chiral cavity, displayed in Figure 6, has a metamir-
ror on the bottom plane only. If both top and bottom planes are
made of chiral metamirrors that reflect light only with a specific
helicity of circular polarization, single-handed chiral metacavities
having strong field enhancement only for one helicity (RCP or
LCP) can be constructed. These chiral cavities can exhibit highly
enhanced chiral PL and EL in the normal direction.'>**>”) They
can also be used in constructing a single-handed electrically
driven chiral laser.

Chiral emission in strong-coupling regimes comprises
another interesting future research direction. Excitons in lumi-
nescent materials and resonant photonic modes in an optical
cavity can form hybrid light-matter states called exciton
polaritons."** %! In a recent study,®*'® circularly polarized
eigenstates derived from optical BICs were used to generate chi-
ral emission from perovskite polariton metasurfaces with a large
DCP exceeding 0.8. Optical BICs are topological in nature and
can be described by robust topological charges in momentum
space. Circularly polarized eigenstates induced from BICs via
symmetry breaking correspond to topological half-charges.
Therefore, the momentum space topology can be utilized to
manipulate chiral polariton emission and lasing based on the
topological charge concept.!*¢”-17°)

Exciton polaritons combine luminescent materials with reso-
nant optical structures to form a single entity. Therefore, chiral
light-emitting metasurfaces and metacavities are promising plat-
forms for studying and exploiting chiral interactions in exciton
polaritons. The chiral cavity structure displayed in Figure 6
employs polycrystalline silicon nanopatterns as the bottom meta-
mirror. However, the absorption losses of polycrystalline pat-
terns are a limiting factor for cavity field enhancement. If a
dielectric structure with no (or reduced) absorption losses can
be introduced (e.g., using GaP), both the emission intensity
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Table 1. Comparison of chiral emission from achiral emitters.

www.adpr-journal.com

Emission DCP Emitter Approach for chiral emission generation Temp. Ref.
Type
Chiral PL 0.524 Perovskite (MAPblI3) Extrinsic chiral metasurface Room temp. [58]
Chiral PL 0.835 Perovskite [(PEA),Pbly] Extrinsic chiral BIC metasurface Room temp. [59]
Chiral PL 0.6 Perovskite (MAPbI3) Extrinsic chiral metasurface Room temp. [97]
Chiral PL and 0.66 (Chiral PL) Perovskite (FAPbBr;) Extrinsic chiral metasurface (optical pumped lasing) Room temp. [98]
lasing 0.91 (chiral lasing)
Chiral PL 0.15 Perovskite nanocrystal Planar intrinsic chiral metasurface Room temp. [87]
(CsPbBrs)
Chiral PL 0.9 Perovskite [(PEA),Pbl,] 3D intrinsic chiral metasurface Room temp. [60]
Chiral PL ~0.1 dye molecule Silver nanorod pair (planar intrinsic chiral) Room temp.  [131]
Chiral PL 0.7 (at an oblique angle for  dye molecule Array of plasmonic particle pairs (extrinsic & planar intrinsic) Room temp.  [132]
achiral geometry)
Chiral PL and 0.989 (chiral lasing) dye molecule 3D intrinsic chiral metasurface Room temp.  [113]
lasing
Chiral PL 0.9 dye molecule 3D intrinsic chiral metasurface Room temp.  [115]
Chiral PL 0.26 InAs QD Planar intrinsic chiral metasurface Room temp.  [128]
Chiral PL 0.81 InAs QD Structured chiral planar microcavity 5K [129]
Chiral PL 0.81 InAs QD Chiral photonic crystal slab 5K [130]
Chiral PL 0.17 CdSe/ZnS QD Plasmonic planar intrinsic chiral metasurface Room temp.  [135]
Chiral PL 0.74 PbS/CdS QD Planar intrinsic chiral metasurface Room temp.  [133]
Chiral PL 0.88 TMD (WS;) Extrinsic chiral BIC metasurface Room temp.  [139]
Chiral lasing ~1 TMD (WS;) photonic Rashba-type spin splitting of a BIC resonance Room temp.  [137]
(extrinsic, optically pumped lasing)
Chiral EL 0.45 TMD (WSe;) Electric double-layer transistor 40K [151]
Chiral EL ~0.07 TMD (WS;) Strained monolayer TMD 280K [152]
Chiral EL 0.55 Organic single crystal (990 nm- Photonic spin-orbit interaction in a birefringent organic single ~ Room temp.  [150]
thick 6M-DSB) crystal
Chiral EL and 0.1 (chiral EL) GaAs quantum well Chiral photonic crystal slab on top of a microcavity (electrically 1.8K [149]
lasing 0.9 (chiral lasing) pumped lasing)
Chiral EL 0.38 Perovskite (CsPbBrs) Extrinsic chiral metacavity Room temp. [62]

and DCP can be significantly enhanced. More importantly, if the
helicity-dependent chiral field intensity in the cavity increases
further, strong coupling in chiral cavities can be realized at room
temperature. Such chiral cavities in the strong-coupling regime
can enable the formation of chiral polariton states with helicity-
dependent vacuum Rabi splitting’s."”**”? This provides interest-
ing opportunities for the development of spin-based active optical
devices.

Owing to their excitonic components, exciton polaritons
exhibit strong nonlinearity, which can be exploited for active
devices (such as optical switches and logic gates).'"”>'7>! The
bosonic nature of exciton polaritons also makes them interesting
for quantum phenomena such as polariton condensation, lasing,
and superfluidity."’*'”®! Exciton polaritons also hold promise
for use in quantum simulations.'”® Particularly, polariton
interactions are maximized when they have the same spin polar-
ization."8'81 Therefore, strongly enhanced helicity-dependent
fields in chiral cavities may help increase the interactions
between spin-polarized exciton polaritons. This approach can
be exploited in future polariton devices and quantum simulators.

Adv. Photonics Res. 2024, 2400060 2400060 (12 of 17)

In this review, we have focused on the chiral emission from
achiral emitters. However, it could also be interesting to study
the interactions between chiral molecules (or materials) and chi-
ral metasurfaces/metacavities in the weak and strong coupling
regimes. These studies can further enhance the control of chiral
responses and may lead to applications in novel light sources,
optical sensors, and active functional elements.
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