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Circularly polarized light sources with free-space directional emission
play akey role in chiroptics’, spintronics?, valleytronics® and asymmetric

photocatalysis*. However, conventional approaches fail to simultaneously
realize pure circular polarization, high directionality and large emission
anglesinacompact emitter. Metal-halide perovskite semiconductors are
promising light emitters’ ¥, but the absence of an intrinsic spin-locking
mechanism results in poor emission chirality. Further, device integration
has undermined the efficiency and directionality of perovskite chiral
emitters. Here we realize compact spin-valley-locked perovskite emitting
metasurfaces where spin-dependent geometric phases areimparted

into bound states in the continuum via Brillouin zone folding, and thus,
photons with different spins are selectively addressed to opposite valleys.
Employing this approach, chiral purity of 0.91 and emission angle of 41.0°
are simultaneously achieved, with abeam divergence angle of 1.6°. With this
approach, we envisage the realization of chiral light-emitting diodes, as well
as the on-chip generation of entangled photon pairs.

Circularly polarized light carrying spin angular momentum is essential
foraplethoraof applications such as chiral sensing’, display technolo-
gies'and quantum computation™. However, ultracompact, ultrathin
chirallight sources inevitably face considerable challenges in lumines-
cence efficiency, emission directionality and chiral purity. Metal-halide
perovskites appear to be promising materials for light-emitting devices
dueto their high luminescence quantum efficiency, tunable bandgap
and solution processability®®, but in contrast to spintronic materials
(forexample, transition metal dichalcogenides and ferromagnets), they
donotpossessthe spindegree of freedominelectronic structures and
thusarenotsuitable for generating circularly polarized light. Although

perovskite emission can be made chiral via chiral ligands'", the result-
ing chiral purity is very limited. The miniaturization of a perovskite
emitter further degrades the efficiency and directionality of emission
(Supplementary Section1).

Recently, bound statesin the continuum (BICs), as peculiar topo-
logical states that decouple from far-field radiation and lying within
thelight cone, have been exploited for metasurface-assisted emission
owing to their high quality (Q) factors' 2. Since the topological con-
figuration of BIC usually exhibits a polarization vortex centred at the
I point of the Brillouin Zone (BZ), the resulting BIC emission is mostly
limited to vortex beams radiated around the normal direction™ ™. A few
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Fig.1|Spin-valley-locked emission in perovskite metasurfaces. a, Schematic
of the perovskite metasurface enabling spin-valley-locked emission. The ', (I',)
valley, formed by BZ folding, is selectively addressed by emitted photons with

o (") polarization. The units are rotated with an angle sequence of 35°,46°,100°,
197°,228°,293°,326°,329° from left to right. b, SEM images of the silica template
(top) and perovskite metasurface (bottom), where only one period is shown.

The geometric parameters are p =316 nm,r=125nm, =160 nm, /= 60 nmand

w =50 nm. The contour of the perovskite metasurface is blurred because of the
conformal growth of perovskites inside the silica nanoholes. Perovskite and silica
have similar contrastin the SEM images. Scale bar, 200 nm. ¢, Modified form of
Berry curvature Q, calculated inthel'_, [ andT,, valleys.

BIC attempts have achieved chiral photoluminescence (PL) by generat-
ing a pair of circularly polarized states in the vicinity of the I' point via
structural perturbations®**, but the two emission lobes produced with
opposite helicities are still near the normal direction and thus spatially
mixed in the far field due to their poor directionality. As to the chiral
emission approach based on chiral BICs”?*, three-dimensional chiral
geometry with aspecificslantangleis critical for enabling high-purity
chiral emission. A small deviation of the slant angle could cause the
breakdown of the chiral BIC, which has put forward strict requirements
on the utilized three-dimensional fabrication method and made this
approach inextensible to other luminescent materials. Also, its emis-
sion direction is fixed to the normal direction. Besides, wide-angle
directional emission has also been pursued based on diffractive
leakage®® or off-I' BIC*, but their achieved emission angles are limited
(<28°) and they cannot have circular polarization.

We construct synthetic valleys in the photonic band structure of
the BIC metasurface and endow the spin-valley-locking feature to per-
ovskite emission. Formamidinium lead bromide (FAPbBr;) perovskites
are directly assembled into an ultracompact metasurface of a square
array of perovskite nanocylinders with lattice constant p (Fig. 1a).
We develop a self-limiting assembly method to allow the conformal
growth of polycrystalline perovskitesinside the metasurface template
(Supplementary Section 2). The conformal growth of perovskites is
guaranteed by the incorporation of phenylethylammonium bromide
(PEABr), which can constrain the grain size in the crystallization pro-
cess. Thisallows both well-defined photonic structures with a feature
size down to 50 nm and the growth of high-quality perovskites with
long-range homogeneity (Fig. 1b), which is reflected by bright and
homogeneous luminescence in 40 x 40 pm? regions (Supplementary
Fig.4).The conformal growth and crystal structure of perovskites are
characterized by cross-sectional scanning electron microscopy (SEM)
images and X-ray diffraction, respectively (Supplementary Fig. 4).

Ifthe nanocylinders have no notches, the photonic band structure
of the TE,, mode exhibits alocal band extremum at the I' point of the
BZ,alsotermed as arl valley. Asymmetry-protected BIC is achieved at
the T valley due to the in-plane inversion (C2) symmetry (Supplemen-
tary Section 3). The nature of the weakly dispersive higher-frequency
mode is also analysed in Supplementary Section 3. Furthermore, the

introduction of notches that cyclically rotate within a supercell of N
units (N=8here) replicates the I valley by BZ folding (Supplementary
Section 4), resulting in a series of synthetic valleys ', (v is the valley
index) in the extended BZs whose momenta are (k,, k,) = (21tv/Np, 0)
(Fig.1a). The determination of structural parameters for the metasur-
faceis discussed in Supplementary Section 5. Despite being mutually
connected by translation symmetry, these I', valleys exhibit different
far-field emission properties and hence behave asinequivalent valleys
in emission. Under optical pumping, photons emitted from the per-
ovskites are coupledto the high-Q BIC mode and selectively addressed
to opposite valleys (I',; and I'_)) according to their different spins
(Fig. 1a). Such spin-valley locking of emitted photons resembles that
of excitons in transition metal dichalcogenides® ', where the
valley-dependent Berry curvatures are manifested. Similar connection
canalsobefoundinoursystem by consideringa modified form of the
Berry curvature f)n foragivenband|n):

Gn=—Im| Y (Von|w ) x (9, |[V;n)|. 4}

v=0

The summation only includes the Bloch state |¥,) at v= 0 thatis solely
responsible for the emission (Supplementary Section 5). As defined,
2 ,does notimply the topology of the eigenmode but serves as an effec-
tive magneticfieldinthe momentumspaceacting solely onthe radiative
photons®. Here Q,,, asthe zcomponent offz,,, iscalculatedtobe oppo-
siteforI',;and I valleys to induce spin-valley locking (Fig. 1c).

The emission mechanism of the metasurface can be interpreted
with a tight-binding model, involving the hopping and interaction of
pseudospin-1particlesamongthelatticesites (Supplementary Section 6).
The local mode is characterized by pseudospin projections along the z
axis**, where S, = 0 corresponds to a non-radiative monopole mode
and S, = +1 correspond to the radiative dipole modes with o*-polarized
far-field emission (Fig. 2a). The Hamiltonian of the systemis derived as

= Fo + Vos + Vans ()
where 7(, describes the metasurface without notches, giving rise
to a gapped Dirac-like dispersion®* at the vicinity of the I' point
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Fig.2|Spontaneous emission properties of perovskite metasurfaces.

a, Schematic of the tight-binding model with on-site and nearest-neighbour
interactions. b, Theoretical dispersion of S, for the metasurface without (top)
and with (middle) rotational notches. Dispersion of S; normalized by S, for the
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case with notches (bottom). ¢, Measured angle-resolved spectra of PL emission
withlinear, " and 0™ polarizations. Normalized S, is calculated as S; = (/,. - /,.)/
(I, +1,),wherel, and /, aretheintensities of ¢ and ¢” emission, respectively.

(Fig. 2b). The eigenmode energies can be expanded with a small
reciprocal vector ¢ with respect to the I point as E, = e, and

E. =eo/2+\/€) +4n2| ci|2/2. Here e, is the gap energy at the T point
and n is the hopping strength related to spin-orbit coupling. The
contribution of the dark mode S, = O rises sharply as q approaches O,
leading to the at-I' BIC for the typical dispersion of the TE,,mode. Here
sand 7, are the on-site and the nearest-neighbour interaction terms,
respectively, associated with the introduction of perturbative notches
that wind for W times (W =1here) withina supercell. Also, Wis a pos-
itive/negative number for counterclockwise/clockwise winding.
Specifically, s =a j (/)j’.”z/)j‘?e‘“""f + zpjp*(pj’."ei’""f originates from
m=x1

the breaking of rotational symmetry of the nanocylinder due to the
notches. Here 6, denotes the rotational angle of the notch. Here lIJJ'-"T
and zpj’." are the creation and annihilation operator of the local modes
at sitej with a given spin quantum number m, respectively. Also, 1
couples the local mode of S, = 0 and S, = +1. Such on-site spin mixing
predominately happens at ', to selectively brighten these two
valleys. The emission right at I, is forbidden due to the restored (3
symmetry. The far-field emission intensity in terms of Stokes parameter
Soatl .y valleys reads

> )
So(l'iw+q):1<2(l—sz|q|), 3)
where k= a/e, and € = /e, indicate the effective strength of 1),

and hopping strength in J¢,, respectively. Accordingly, the emission
intensity is the strongest at the centre of the I',.,;, valley and rapidly

drops when moving away from the centre (Fig. 2b). On the other hand,
Vin = g Y [e1@=10) 4 (O] ¢pf”¢pjp + h.c. originates fromthe per-
turbed hopping of the dark mode by the notches. Here ¢, denotes the
hoppingangle fromsitejto!l. Also, 1}, vanishes when the rotation angle
ofthe notchremains the same, for example, along the y axis. Hopping
along the screw axis, for example, the x axis, isaccompanied by a phase
factor thatis determined by both hopping direction ¢;,and local rota-
tional angle 8,. The combined effect of 1}, and 1}, is the accumulation
of opposite geometric phases (GPs) as the state S,=+1and -1 hops
alongthe screw axis. It builds up opposite phase gradients and scatters
these two states into opposite valleys. Stokes parameter S, associated
with the helicity of the emission at I'..,,, valleys reads

K
S5 (Tapy) = +sgn [W] Y , (4)
4¢2sin® QCmwW/N) +1

where y = f/n is the ratio of hopping strengths in 1}, and %,.
Equation (4) precisely captures the spin-valley-locking phenomenon
with normalized S; possessing large values of opposite signsin ',y
valleys (Fig. 2b). If the winding direction is reversed, that is, the sign
of Wis changed, it is naturally anticipated that the circular polari-
zation in the I,y valleys will be flipped.

To experimentally investigate the spontaneous emission per-
formance of perovskite metasurfaces, we exploit angle-resolved
PL spectroscopy under the excitation of a 455 nm continuous-wave
laser with linear polarization (Methods). The measured disper-
sions (Fig. 2c) are in good agreement with the theoretical results.
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Fig.3|Spin-valley-locked lasing measured in perovskite metasurfaces.

a, Angle-resolved spectra of lasing with linear, " and o™ polarizations measured
above the threshold. b, Integrated intensity and full-width at half-maximum
(FWHM) as a function of pump fluence. ¢, Retrieved dispersion of normalized S,

(top) and alinecut at 553 nm (bottom). d, Momentum-space images of the lasing
emission. The zoomed-inimages illustrate an azimuthally polarized vortex laser
attherl,valley.

The topmost continuous band represents the ', valley of the TE,,
mode, within which the diminishing point at the bottom indicates
the formation of BIC. Meanwhile, two isolated bright spots are clearly
observed on both sides of the I'; valley, corresponding to the I'_;
(left) and I',; (right) valley; their emission angles are —13° and +13°,
respectively. By examining the polarization of PL, the I',; and I'_; val-
leys predominantly possess 6" and ¢" polarizations with normalized
S, parameters up to +0.66 and —0.66, respectively (Fig. 2c), which
are considerably larger than the existing works'>">?* (Supplemen-
tary Section 1). The Iy valley is linearly polarized with negligible S.
Owing to spin-valley locking, the isolated emission inI',; and I';
valleys simultaneously exhibits narrow widths of 0.5 um™and 0.8 nm
in momentum and spectrum, respectively, corresponding to a small
beam divergence angle of 1.6° and Q factor of 700. Such narrow-
k-narrow-A PL emissions have been rarely demonstrated before. For
comparison, we have presented the emission measurement results
of perovskite metasurfaces with unrotated notches (Supplementary
Section 7).

The high-Q BIC serves as a cavity mode for lasing. When the per-
ovskite metasurface is excited by a400 nm femtosecond laser with
the pump fluence exceeding a threshold, the measured dispersion
exhibits fourlasing spots at 553 nm, all of which belong to the TE,, mode

(Fig. 3a), because it is the only cavity mode in the gain spectrum of
the perovskite. The lasing action is explicitly demonstrated by the
evolution of integrated intensity and linewidth with the pump fluence
(Fig.3b). Above a threshold of 8.5 pJ cm™, the emission intensity experi-
encesapronouncedrise, whereas the linewidth is narrowed from 0.80
to0.34 nm, corresponding to alasing Qfactor of 1,600 (Supplementary
Fig.11). Although previously reported perovskite lasers have realized
comparable threshold and Q factor, they cannot achieve both direc-
tional and circularly polarized emission®*™!,

Duetospin-valley locking, thelasing polarizationis ¢* and o for the
I;and T valleys. The measured S; parameters, up to +0.8 and —0.8, are
even higher thanthose of spontaneous emission for the enhancement
incoherence (Fig. 3c). The two adjacent spots at the centre are attrib-
uted tothe generation of aBIC vortex laser, asrevealed by the intensity
profiles mapped in momentum space (Fig. 3d). A doughnut-shaped
beam withacentral dark zoneis observed. By placinga linear polarizer
after the vortex beam, two lobes are present whose directions follow
the axis of the linear polarizer, suggesting the azimuthal polarization
distribution of the beam.

The emission property canbe further tailored by rearranging the
rotational angles inside a supercell to impart different GPs. When the
winding constant W equals 2, the GP-carried lasing is expected to take
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Fig. 4 | Perovskite lasing with tunable valleys and polarizations. a,b, Spin-valley-locked lasing at the I',, valleys for W = 2 (a) and I',; valleys for W = 3 (b).
¢, Linearly polarized lasing at the I',, valleys for W = 0. Angle- and polarization-resolved lasing spectra, as well as the corresponding Stokes parameters (right).

Scale bars (SEM images), 200 nm.

placeattherl,,andI_,valleysto possess 0" and ¢ polarizations, respec-
tively, whichis experimentally validated (Fig.4a). For the caseof W = 3
(Fig.4b), thelasing valleys are switched toT,;and I'_;, with the emission
angles further increased to 41° and —41°, respectively. The achieved
emissionangles are muchlarger than previous works involving direc-
tional emission®*”. Besides, the corresponding normalized S; values
of +0.91 and -0.91 are much higher than most of the existing chiral
emission works"*****, Detailed experimental results are provided in
Supplementary Fig. 12. Nevertheless, when it comes to the case of
W = 0, theaccumulated GP over asupercell becomes trivial and thus
spin-valley locking is released (Fig. 4c). Here the supercell can be
decomposed into two halves: the left half generates beams of ¢* and
o polarizationsatthel,,and I, valleys, respectively, whereas the right
half with a reversed winding direction produces lasers at the same
valleys but with opposite spins. The resulting lasers are, thus, linearly
polarized. We note that spontaneous PL emission exhibits similar
features of tunable valleys and polarizations (Supplementary Fig.13).

Ourresults provide adistinct paradigm to modulate both coherent
andincoherent emission processes, which could be widely applied to
thermoluminescence, electroluminescence and spontaneous para-
metric downconversion. It poses no stringent requirements for lumi-
nescent materials and hence can be extended to other luminescent
media, such as transition metal dichalcogenides, gallium arsenide

and quantum dots. In addition to spin-valley locking, more flexible
functionalities can be anticipated by rearranging the unit cells of the
metasurface, paving the way towards a plethora of applications in
light sources and detectors, display technologies and quantum optics.
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Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Numerical simulations

In this work, all the simulations are conducted by the finite element
method solver in COMSOL Multiphysics. Bloch boundary conditions
areemployedinthexandydirections, whereas perfectly matched lay-
ersare utilized in the zdirection. The refractive indices of perovskites
and the environment are set as 2.25and 1.50, respectively.

Optical characterization

The photonicband structures and emission of perovskite metasurfaces
aremeasured by angle-resolved PL spectroscopy with aFourierimaging
configuration. The PL signals are collected by a x50 microscope objec-
tive with a numerical aperture of 0.75. PL dispersion, lasing emission
and k-spaceimages are detected by animaging spectroscope (HORIBA,
iHR550) having 600 gratings mm ™ and a liquid-nitrogen-cooled
charge-coupled device. The polarization of emission is resolved by
a polarizer and a quarter-wave plate. The perovskite metasurface is
excited by a455 nm continuous-wave laser for PL emission, whereas it
ispumped at400 nm by using a Ti:sapphire femtosecond laser (100 fs
pulse duration and 1 kHz repetition rate) for lasing. The zoomed-in
momentum-space images are measured by magnifying the k, = O region
with a couple of lenses, namely, f;:f, = 1:5, where f; and f; are the focal
length of the two lenses.

Data availability

The data that support the plots within this paper and other findings of
thisstudy are available from the corresponding authors upon reason-
able request. The raw data are available via the repository at https://
figshare.com/articles/dataset/Raw_data_for NM22061931A/22226455.
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