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(spatial) distributions, thus offering a pow-
erful tool to manipulate incoherent light 
emission.[1–5]

Metasurface design dictates the nature 
of the VOS. For example, if the structure 
has in-plane inversion symmetry (e.g., 
square lattices of circular holes, pillars or 
gratings), some of the VOS with frequency 
overlapping with the continuum cannot 
radiate in free space due to the symmetry 
mismatch with plane waves, thereby 
remaining perfectly confined within the 
structure.[6] Such VOS are referred to as 
symmetry-protected bound states in the 
continuum (BICs). Due to their highly 
confined nature, BICs display extremely 
high radiative quality factors (theoreti-
cally infinite) and manifest themselves as 
far-field intensity and polarization singu-
larities of integer topological charges in 
the luminescence emitted by the meta-
surface.[7–10] Conversely, if the in-plane 

inversion symmetry of the structure is broken (e.g., square lat-
tices of triangular metamolecules), the integer charges of the 
BICs decompose into pairs of half-integer charges associated 
with circularly polarized states in the momentum space.[11,12] 
By designing the metasurface in such as way that the wave-
lengths of its VOS overlap with the luminescence spectrum of 
the light-emitting medium, emission is funneled into the radia-
tive channels opened by the VOS, whose polarization and direc-
tivity can be freely and precisely engineered. This effectively 
realizes the optical analog of the Rashba effect in condensed 
matter.[1,3–5,13–19]

After the theoretical prediction of its occurrence in zinc 
blende and wurtzite crystal lattices,[20,21] the Rashba effect 
has been observed in a variety of condensed-matter systems, 
including 2D semiconductors, surfaces of metals, heterostruc-
tures and topological insulators.[22,23] Recently, the discovery of 
the Rashba effect in halide perovskites has triggered an enor-
mous interest for their potential application in spintronics.[24–27] 
Besides their unique electronic and spintronic properties, 
halide perovskites are an emerging optical platform for all-
dielectric metamaterials that combine light confinement at the 
nanoscale and strong light–matter interaction[28] with excellent 
radiative properties.[29,30] This owes to the rare combination of 
compositionally tunable spectrum, high luminescence yield, 
and high refractive index (n > 2). To the best of our knowledge, 
materials with comparable properties are limited to III–V com-
pound semiconductors, such as GaAs, which are much more 

The Rashba effect, i.e., the splitting of electronic spin-polarized bands in the 
momentum space of a crystal with broken inversion symmetry, has enabled 
the realization of spin-orbitronic devices, in which spins are manipulated by 
spin–orbit coupling. In optics, where the helicity of light polarization repre-
sents the spin degree of freedom for spin–momentum coupling, the optical 
Rashba effect is manifested by the splitting of optical states with opposite 
chirality in the momentum space. Previous realizations of the optical Rashba 
effect relied on passive devices determining the surface plasmon or light 
propagation inside nanostructures, or the directional emission of chiral 
luminescence when hybridized with light-emitting media. An active device 
underpinned by the optical Rashba effect is demonstrated here, in which 
a monolithic halide perovskite metasurface emits highly directional chiral 
photoluminescence. An all-dielectric metasurface design with broken in-
plane inversion symmetry is directly embossed into the high-refractive-index, 
light-emitting perovskite film, yielding a degree of circular polarization of 
photoluminescence of 60% at room temperature.

1. Introduction

Luminescence from light-emitting media is generally omnidi-
rectional, unpolarized, incoherent and oftentimes weak. This 
is unsuitable for applications that require high brightness, 
directionality, and polarization control. Metasurfaces consisting 
of a periodic arrangement of artificial atoms can create delo-
calized virtual optical states (VOS) with enhanced local density 
of states and deterministic energy (spectral) and momentum 
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costly and difficult to grow/pattern than solution-processed 
perovskite films. Direct embossing by nanoimprint lithography 
is also available for large-area patterning of perovskite films. 
Early realizations of dielectric perovskite metamaterials have 
been primarily focused on the demonstration of luminescence 
enhancement,[31,32] with a few works recently extending the 
concept to the control of polarization and spatial distribution 
of microlaser emission.[8–10] A hallmark of polarization control, 
emission of circularly polarized light of chosen helicity, has 
only been demonstrated by incorporating chiral ligands into 
the inorganic framework of the perovskites, yet with a degree 
of circular polarization (DOP) barely exceeding ±10%  at room 
temperature,[18,19,33] which is impractically small for chiral emit-
ting device applications. Here we exploit the combination of 
metamaterial design strategies with the unique optoelectronic 
properties of halide perovskites as a new avenue for the imple-
mentation of highly chiral emission sources underpinned by 
the optical Rashba effect and demonstrate a monolithic, all-
dielectric light-emitting metasurface with enhanced and direc-
tional chiral photoluminescence with a ±60% degree of circular 
polarization at room temperature—a sixfold increase compared 
to state of the art chiral perovskites.[18,19,33]

2. Results and Discussion
For this proof of principle demonstration, we spin-cast a 
170  nm-thick film of methylammonium lead-iodide (MAPbI3) 
perovskite (optical properties in Supporting Information, sec-
tion I) in which polycrystalline domains are randomly distrib-
uted. This results in uniformly distributed and unpolarized 
radiation, resembling isotropic media made of an ensemble 
of randomly oriented dipoles with unrelated initial phases and 
locations (Figure  1a-i), which can be treated as a superposi-
tion of chiral emitters with opposite chirality. The metasurface 
consists of a periodic array of triangular metamolecules—a 
broken in-plane inversion symmetry design which results in 
splitting of integer charges of BICs ( 1〉| ) and gives rise to a pair 

of purely circularly polarized VOS (
1
2

± 〉| , details in Supporting 

Information, section II) in the momentum space located above 
the light cone and below the diffraction limit with nonzero 
intensity and opposite handedness (Figure  1a-ii). The VOS 
offer enhanced radiation channels into the far field with well-
defined distributions of polarization and in-plane wave vectors 
(Figure  1b). Such metasurface was realized by nanoimprint 
lithography (Figure 1c).

The VOS of the metasurface can be identified by its optical 
band diagram. The calculated transverse electric (TE) polarized 
optical bands along the x-axis are illustrated in Figure 2a, where 
the wavevectors are linked to the far-field radiation angle θ of 
the VOS in the x–z plane, by the relation kx/k0 = sinθ. The TE2 
band, highlighted in green, which manifests as a quadrupole 
state at k = 0, shows low dispersion within the emission spec-
tral range of MAPbI3 around λ  = 800  nm. The z component 
of the magnetic field, Hz, shows an asymmetric distribution 
of the TE2 mode in the x–y plane (inset in Figure 2a), dictated  
by the broken in-plane inversion symmetry of the design. 
When TE2 is projected into the far-field as polarization vectors,  
Exy(θ) = (Ex(θ),Ey(θ)), it is possible to calculate the polarization 
handedness of the electric field intensity as a function of the 
radiation angle. The resulting angular distribution of circularly 
polarized intensities with opposite handedness, IR(θ) and IL(θ), 
is strongly directional into different sectors of the far field (±θ), 
as shown in Figure 2b. The DOP of the radiated field (Figure 2c) 
expressed as DOP(θ)  =  [IR(θ) − IL(θ)]/[IR(θ) + IL(θ)], reveals a 
quite rich far-field polarization distribution associated with the 
TE2 band (the degree of polarization of the VOS associated with 
the TE2 band is reflected in the band diagram in Figure S2,  
Supporting Information). At θ  = 0 (normal direction), the 
mode polarization is linear along the x axis, here denoted by 
H. Moving just off normal in opposite directions along the  
x-axis, a pair of purely circularly polarized VOS of opposite  

handedness (DOP = ±100%), denoted as RC (
1
2

+ 〉| ) and LC (
1
2

− 〉| ),  

is generated. Going further off the normal, the two circular 
polarizations first evolve into linear polarization along the y 
axis, denoted by V, before switching handedness and reaching 
a DOPsim  > ∓60%. The evolution of the DOP can be mapped
onto a Poincaré sphere (inset of Figure  2c) where it traces 
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Figure 1. Perovskite metasurfaces for directional control of chiral luminescence. a) Diagram of photoluminescence (PL) from MAPbI3. i) PL from a 
MAPbI3 film due to near-band-edge transition resembles the emission from multiple dipoles, which is isotropic and unpolarized. ii) PL from a MAPbI3 

metasurface with well-controlled far-field polarization distributions due to the splitting of virtual optical states (VOS) with opposite chirality ( 1
2

| ± 〉) in  

momentum space. b) Schematic of optical Rahsba effect in an all-dielectric in-plane inversion-symmetry-broken perovskite metasurface patterned with 
a square lattice of equilaterally triangular holes and sandwiched between a quartz (n = 1.5) substrate and a PDMS (n = 1.5) layer. The side length of the 
hole is 220 nm and the period is 400 nm. The metasurface is excited by a blue laser (405 nm) from the back side and the PL with opposite chirality is 
routed into opposite sectors of the hemisphere. c) Scanning electron microscopy image of a MAPbI3 metasurface made by nanoimprinting lithography. 
The scale bar is 800 nm.
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a vertical loop across the two poles representing circular 
polarizations RC and LC, and the equator corresponding to 
linear polarizations H and V. The angular separation between 
circularly polarized states with half-integer charges can be mod-
ified by either adjusting the symmetry factor, d1/d2, of the meta-
molecule (Figure  2d and Figure S3, Supporting Information), 
i.e., increasing/decreasing the in-plane inversion symmetry
breaking, or by selecting different optical bands (Figure S3,  
Supporting Information). Figure 2d shows how the DOP asso-
ciated with the TE2 band changes when the metamolecule 
evolves from a square to a triangular shape. The white dots in 
the figure track the angular position of the far-field projection 
of half-integer charges (i.e., fully circularly polarized radiative 
states) as a function of symmetry factor (by varying d1 while 
keeping d2 constant): without breaking in-plane inversion  
symmetry (d1/d2 = 1, square metamoecule) the radiative states 
are linearly polarized and the topological charge is –1 at sinθ = 0; 
when the symmetry factor decreases, the integer charge splits 
into two half-integer charges, leading to the separation of 
circularly polarized radiative states. Note that separation of  
circularly polarized radiative states on TE2 is not a linear  
function of the symmetry factor and reaches a maximum of 
sinθ ≈ 0.012 at d1/d2 ≈ 0.6.

The calculated far-field intensity distribution and polari-
zation maps of TE2 in 2D momentum space are shown in 
Figure  3a, where each position in the map corresponds to 
a far-field radiation direction defined by the k||  = (kx,ky). The 
polarizations across the radiated far-field vary from linear 
(H,V) to purely circular (RC, LC) with all intermediate polari-
zation states, spanning the entire Poincaré sphere.[11] Notably, 
circularly polarized radiation of different handedness is  
projected into opposite sectors of the hemisphere (±kx) in the 
far field (Figure 3b,c). The calculated far-field DOP distribution 
of TE2 in the k|| space is shown in Figure 3d. DOP is of oppo-
site sign in the two ±kx hemispheres, reaching its maximum 
values of DOPsim  =  ±100%  at radiation angles close to the 
normal, and DOPsim > ∓60% moving away from the center of
the momentum space. The simulation results indicate that the 
VOS of the metasurface is expected to project distinct far-field 
polarizations into well-separated directions.

The spatially varying far-field polarizations of TE2 can be 
imprinted onto the MAPbI3 luminescence, routing the emitted 
light of designed polarizations into different, predetermined 
directions. The angular distribution of the photolumines-
cence (PL) emitted by the MAPbI3 metasurface was measured 
by back-focal plane imaging in an optical microscope (setup 
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Figure 2. The virtual optical states of the metasurface. a) The VOS with TE polarized field in the metasurface and in-plane wavevectors along the  
x-axis. The optical band TE2 highlighted in green manifests as a quadrupole state at k = 0. The inset shows its field distribution within each unit 
cell on the x–y plane. b) Distribution of far-field electric field intensities with opposite handedness projected from TE2 as a function of radiation  
angle θ. c) DOP of the radiated field from TE2 versus radiation angle θ. The corresponding field vectors are mapped onto a Poincaré sphere, as a black 
vertical loop, to illustrate the full control of polarization. The field is linearly polarized at θ = 0 (H) and sinθ  =   ±0.035 (V), purely circularly polarized 
at sinθ  = ±0.005 (RC and LC), and strongly circularly polarized at large radiation angles with DOP > ±60%. d) 2D colormap showing how the angular 
distribution of the calculated DOP for the TE2 VOS changes with the degree of symmetry in the metamolecule (here represented by the symmetry  
d1/d2 of a trapezoid). The white dots indicate the separation angle θ of the circularly polarized states with half-integer charges as a function of sym-
metry factor. Note that the radiative states are linearly polarized for d1/d2 = 1 (square metamolecule), when the in-plane inversion symmetry is restored 
(black dot).
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schematic in Figure S5, Supporting Information). The PL spec-
trum was filtered at λ = 800 nm to isolate the radiation coupled 
to TE2. The unpolarized emission was collected by an objec-
tive with numerical aperture (NA) of 0.3 and imaged by a CCD, 
using λ/4 waveplate and a linear polarizer to identify the chiral 
emission of opposite handedness. The measured intensity  
distributions of unpolarized, right and left circularly polarized  
PL and the DOP (Figure  3e-h) across a solid angle 17.5°  
(NA = 0.3) are in extremely good agreement with the numerical 
predictions (Figure 3a-d), which is the manifestation of optical 
Rashba effect. The experimental DOP reaches a remarkable 
value of DOPexp ≈ ±40%. Note that, due to the bandwidth of the 
bandpass filter used in the measurements, the collected PL also 
includes off-resonance radiation channels and VOS with oppo-
site chirality adjacent to TE2, thus the DOPexp should only be 
considered as lower bound values.

The angular distribution and wavelength of the PL emission  
from the MAPbI3 metasurface can be tuned by selecting  
different VOS or varying the geometric parameters of the meta-
surface. The principle is illustrated here by measuring the 
PL distribution at λ  = 810  nm emitted by two metasurfaces 
with triangular metamolecules of side length d  = 220  nm and  
d = 250 nm. A TE1 optical band can be isolated at 810 nm for both 
metasurfaces (Figure 4a), which manifests as a magnetic dipole 
state at k = 0, and an X-shaped DOP distribution in the two-dimen-
sional momentum space (colormap in Figure 4b superimposed to 
the calculated far-field polarization). The spatial tunability of the 
circularly polarised PL at 810 nm is apparent in the experimental 
back focal plane intensity maps of the d = 220 nm (Figure 4c) and  
d  = 250  nm (Figure  4d) meta surfaces, whose emission happens 
along a cone of 12° and 15° angle off the normal, respectively. The 
far-field distributions of the corresponding DOPs are underpinned 

by the far-field polarization of TE1 and reach values as high as 
±60%,  a sixfold increase over previous chiral perovskite demon-
strations.[18,19,33] In this case the separation of circularly polarized 
states in opposite half-hemispheres is reversed with respect to the 
emission underpinned by the TE2 band (Figure 3). Note that a sep-
aration of circularly polarized radiative states in the momentum 
space can also be observed for TM modes (Figure S4, Supporting 
Information).

Finally, not only the VOS spatially redistribute the chiral 
PL of the metasurface, they also induce a significant Purcell 
enhancement of the emission intensity. This is shown by the 
comparison of normalized PL emission maps and spatially 
integrated emission intensity of the unpatterned MAPbI3 film 
and the metasurface (Figure 5). As expected, the PL from the 
unpatterned film around λ  = 800  nm is isotropic (Figure  5a), 
while the metasurface shows spatial redistribution of the PL 
intensity with a maximum enhancement up to sixfold into  
specific directions (Figure 5b). The spectral dependence of the 
spatially integrated PL intensity of the unpatterned MAPbI3 
film and the metasurface are shown in Figure  5c, alongside 
the calculated enhancement, Γ  = IMS/IFilm. The enhancement 
reaches the maximum value of 4 at λ  = 800  nm (the wave-
length of the TE2 band), which is a manifestation of the Purcell 
effect. The PL enhancement at 810  and 780  nm is due to the 
Purcell effect from other VOS, i.e., TE1 and TM1 (Figure S4,  
Supporting Information).

3. Conclusion

We have demonstrated the optical Rashba effect in active 
MAPbI3 perovskite metasurfaces with broken in-plane inversion 
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Figure 3. Optical Rashba effect of the light-emitting perovskite metasurface. a–d) The calculated far-field: a) total electric field intensity distribution 
and polarization map, b) right-handed polarized electric field intensity distribution, c) left-handed polarized electric field intensity distribution, and 
d) DOP distribution of TE2 in the momentum space (kx, ky). e–h) The measured total PL intensity distribution (e), right-handed polarized PL intensity
distribution (f), left-handed polarized PL intensity distribution (g), and DOP of PL from the metasurface (h) in the back focal plane captured by a CCD 
with a 10 nm linewidth bandpass filter at 800 nm.
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symmetry that allow generation, routing and enhancement 
of chiral photoluminescence. We experimentally achieved a 
DOP of 60% at room temperature and a sixfold enhancement 
of photoluminescence intensity due to the concurrence of  
Purcell effect and a far-field intensity redistribution. The 
implementation of the optical Rashba effect in a monolithic 
light-emitting materials platform represents a true analog of 
the electronic Rashba effect in condensed matter systems and 
may facilitate the development of planar light-emitting nano-
devices with potential applications in holography, biosensing 
and encoding, polarization-division multiplexing and quantum 
optics.

4. Experimental Section
Film Preparation: Quartz substrates were cleaned by immersion

in a mixture of 2  mL of Hellmanex II (Hellma Analytics) and 200  mL 
of deionized (DI) water at 353 K for 10  min, and subsequently rinsed 
with DI water and dried in nitrogen flow followed by oxygen plasma 
treatment. CH3NH3I (Dyesol) and PbI2 (99.99%, TCI) powders were 
added to anhydrous dimethylformamide (DMF, Sigma-Aldrich) and 
stirred for several hours at room temperature to form 1.2 m precursor 
solution (molar ratio 1:1) which was then filtered by a poly(vinylidene 
fluoride) (PVDF) syringe filter (0.45  µm) and heated on a hot plate at 
373 K for 1 h. The hot solution was spin-coated onto quartz substrates 
at 4900 rpm for 30 s, with dripping of toluene after 5 s of spinning time. 
The prepared MAPbI3 films were finally annealed at 373 K for 15 min. The 
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Figure 4. Control of chiral emission by metasurface design. a) Shift of the TE polarized VOS in the perovskite metasurfaces by varying the size of the 
triangular hole side length from d = 220 nm (red curves) to d = 250 nm (blue curves). b) Calculated far-field polarization map and DOP distribution of 
TE1 in the momentum space (kx, ky) at λ = 810 nm. c,d) Back focal plane maps of total PL intensity and DOP of triangular hole perovskite metasurfaces 
with d = 220 nm (c) and d = 250 nm (d) captured using a 10 nm bandpass filter at λ = 810 nm.

Figure 5. PL enhancement induced by the metasurface. a,b) The distribution of the PL intensity from a bare MAPbI3 film (a) and the metasurface (b) 
captured by a 10 nm linewidth bandpass filter at 800 nm. The PL from the metasurface is normalized to that of the MAPbI3 film. c) The overall PL 
spectra of the MAPbI3 metasurface and a bare film along with the PL enhancement due to the metasurface.
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precursor solution preparation and film fabrication steps were carried 
out in N2-filled glovebox.

Mold Fabrication and Thermal Nanoimprint Lithography Process: A 
negative tone resist (hydrogen silsesquioxane, XR-1541-006) was spin-
coated on a silicon substrate at a speed of 1500 rpm for 1 min. E-beam 
lithography was conducted to fabricate the triangle metasurface via 
ELS-7000 (Elionix Inc.) under an acceleration voltage of 100  kV and 
the dose of 7600 µC cm–2. Inductively coupled plasma etching was 
employed as the following step to etch the Si substrate with a recipe of 
HBr (50 sccm) and O2 (3 sccm) gases at 5 mTorr. Master molds were 
achieved after removing the HSQ mask in a buffered hydrofluoric acid. 
A nanoimprinter (Obducat NIL-60-SS-UV-Nano-imprinter) was used to 
transfer the metasurface from master mold to MAPbI3 film at 30 bar and 
90 °C, and the imprinting time was optimized as 30 min. The imprinted 
sample was cooled down to 30 °C and manually demolded from the 
master mold. Nanoimprint lithography was known to improve film 
uniformity and stability.[34] The nanoimprinted metasurface was further 
protected by poly(dimethylsiloxane) (PDMS) encapsulation to increase 
its resistance to air and moisture.

Numerical Simulations: The optical bands of perovskite metasurfaces 
were calculated using the 3D finite-element method (COMSOL). One 
unit cell, consisting of a triangular hole at the center (with index of 
air), was simulated when embedded in a homogeneous background 
(n  = 1.5). Periodic boundary conditions were adopted in both x and y 
directions and perfectly matched layers (PML) along the z-direction 
were constructed. The optical bands and the corresponding far-field 
vector distributions in the momentum space were calculated with an 
eigenfrequency solver by sweeping in-plane wavevectors.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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