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Generation and manipulation of exciton polaritons with controllable spin
could deeply impact spintronic applications, quantum simulations, and
quantum information processing, but is inherently challenging due to the
charge neutrality of the polariton and the device complexity it requires. Here,
electrical generation of spin-polarized exciton polaritons in a monolithic
dielectric perovskite metasurface embedded in a light-emitting transistor is
demonstrated. A finely tailored interplay of in- and out-of-plane symmetry
breaking of the metasurface allows to lift the spin degeneracy through the
polaritonic Rashba effect, yielding high spin purity with normalized Stokes
parameter of S; ~ 0.8. Leveraging on spin-momentum locking, the unique
metatransistor device architecture enables electrical control of spin and
directionality of the polaritonic emission. Here, the development of compact
and tunable spintronic devices is advanced and an important step toward the
realization of electrically pumped inversionless spin-lasers is represented.

photonic and electronic constituents, that
is small effective mass, strong nonlinear-
ities and fast relaxation,'! make them
an exciting platform for fundamental stud-
ies of Bose-Finstein condensation,!*1!
superfluidity,>1!] and for the realization of
classicall!>'*l and quantum optoelectronic
devices.'>] Imparting an additional spin
degree of freedom to the polaritons, ei-
ther through the electronic or the pho-
tonic spin, can open new avenues for
spintronic applications: the ability to ef-
ficiently create highly pure spin-polariton
states, to electrically generate them, and
to dynamically manipulate spin selectiv-
ity and directionality, without the need
of external optical components, would

1. Introduction

Exciton-polaritons are hybrid quasiparticles of bosonic nature
which emerge from the strong coupling between confined elec-
tromagnetic modes and electron-hole bound states in con-
densed matter. As such, the properties they inherit from their
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have a vast impact for the realization

of functional optospintronic devices,!1¢]

quantum information processors,!’®! and
neuromorphic computers.l®] However, the realization of electri-
cally driven spin-polarized polariton devices has been hindered
so far by the inherent charge neutrality of the polaritons and
the complex device architectures needed to control the polariton
spin.

Due to their bosonic nature, the spin of polaritons can be de-
scribed by an integer number (¢ = + 1). The creation of a spin-
polarized polaritonic states requires lifting the spin degeneracy.
While this is attainable by using magnetic fields to break time-
reversal symmetry,2>-22) magnetism-free methods for producing
spin-polarized polaritons are actively researched. One possibil-
ity is to use excitonic materials with broken inversion symmetry
in their electronic transitions embedded in microcavities.[>-2] A
more flexible approach, unbound by the electronic spin proper-
ties of the material, is to introduce spin—orbit coupling in pho-
tonic microcavities.['’-122728] This approach has led to fascinat-
ing implementations of polaritonic topological insulators,?®] syn-
thetic gauge fields,!*”] and polaritonic spin Hall effects.!”]

Recently, photonic bound states in the continuum (BIC)-
modes that remain localized in spite of existing in a continu-
ous spectrum of radiating waves, 23] have been used to realize
perfectly confined states with theoretically infinite-Q resonances,
facilitating strong light-matter interaction.['**1-34] I"-BIC, which
are protected by the symmetry mismatch between the photonic
mode profiles and the out-of-plane propagating waves, mani-
fest as polarization singularities (V-points) at the center of the
Brillouin zone. Due to the spin-orbit coupling, I'-BIC can be
evolved into off-I', purely circularly polarized states (C-points) by
breaking the in-plane inversion symmetry of the photonic cavity

© 2024 Wiley-VCH GmbH
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Figure 1. Tunable spin-polarized exciton-polaritons in the electrically driven perovskite metatransistor. The light-emitting metatransistor operates in
two distinct modalities: i) generates circularly polarized EL from exciton polaritons of opposite spin, as prescribed by the polaritonic Rashba effect
and ii) unidirectionally emits circularly polarized light from spin-down and spin-up exciton polaritons with either positive or negative group velocities.
a) Characteristic band diagram of a metasurface with broken in-plane inversion symmetry, for the case of passive photonic modes and exciton-polariton
bands, where the spin degeneracy is lifted due to the optical and polaritonic Rashba effect, respectively. The red and blue colours denote spin-up and
spin-down states, respectively. b) Schematic of Rashba polariton emission from the electrically driven metasurface under positive drain bias, operating
in modality i). c,e) Dispersion of the optical bands with lifted spin degeneracy featuring positive (u, > 0) and negative group velocities (4, < 0), both
for photon and polariton modes; bands with unmatched group velocities are not populated (dashed lines). d,f) Schematics of spin polarized emission
from the device operating in modality ii), with negative drain bias (D-biased condition) or negative source bias (S-biased condition). Spin-momentum

locking and asymmetric exciton generation enable electrical control of directionality and helicity of the spin polarized polaritonic emissions.

(a phenomenon also referred to as the optical Rashba effect, 3538
in analogy with the condensed matter Rashba effect!**-*!). Usu-
ally, this comes at the expense of lowering the Q-factor of the
modes, weakening the coupling strength at C-points.

Here we demonstrate the electrical generation and control
of highly spin-polarized exciton polaritons in a perovskite light-
emitting metatransistor. The device combines, in a monolithic
structure, a dielectric metasurface designed to break the in-plane
inversion symmetry and a dielectric stack that breaks the out-of-
plane inversion symmetry, resulting in purely circularly polarized
resonances with high Q-factors. By supporting strong coupling of
the highly confined excitons in the perovskite, this system yields
exciton polaritons with spin purity approaching the theoretical
limit. Upon charge injection in the transistor channel, we observe
electroluminescence (EL) characterized by a marked polaritonic
Rashba effect (the spin-split of polariton bands in opposite halves
of the momentum spacel*l). Moreover, we show that individual
polaritonic spin states can be selected electrically by controlling
charge (exciton) injection and thus imparting specific direction-
ality and helicity to the circularly polarized EL.

2. Device Concept

The electrically driven light emitting metasurface adopts a typi-
cal top-contact, bottom-gate light emitting transistor (LET) con-
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figuration, so that the excitonic emission channel and the meta-
surface pattern can be colocated between the source and drain
electrodes.[*] The metasurface is directly fabricated into the
MAPDI, film with high uniformity, by focused ion beam (FIB)
lithography. The LET configuration enables operation of the de-
vice in the ambipolar transport regime under certain electrical bi-
asing conditions, where electrons and holes are simultaneously
injected from the source and the drain electrodes into the tran-
sistor channel at the semiconductor-insulator interface, and form
excitons that radiatively recombine to emit light.[***] Moreover,
tuning of the relative bias between source and drain electrodes
enables control of the lateral position of the recombination zone
within the transistor channel,[*] a unique feature which here we
exploit to implement electrical control of the directional energy
flow of exciton-polaritons and their spin in symmetry-broken BIC
metasurfaces operating in the strong coupling regime (Figure 1).

In practice, our light-emitting metadevices can operate in
two modes: i) generate EL emission from exciton polaritons
of opposite spin, as prescribed by the polaritonic Rashba ef-
fect (Figure 1a,b) and ii) emit unidirectional light stemming
from exciton polaritons with spin-down (Figure 1c,d) or spin-
up (Figure le,f) into the left or the right halves of the outcou-
pling hemisphere. Figure 1a illustrates the optical dispersion of
the passive photonic mode in the broken symmetry metasurface
that lifts the spin degeneracy. The photonic mode encompasses
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spin-up states for k, > 0 and spin-down states for k, < 0 in the
opposite halves of the momentum space (colored in red and blue,
respectively). Upon strong coupling, the anticrossing of the pho-
tonic mode and the perovskite exciton leads to the emergence of
upper polariton bands (UPB) and lower polariton bands (LPB),
inheriting the spin properties of the photonic band. When the
transistor is operated under positive drain bias (V,; > 0), excitons
are generated uniformly within the metasurface and exciton po-
laritons with opposite spins that decay radiatively outcouple from the
metasurface in opposite directions (Figure 1b). When photons and
polaritons of positive (negative) group velocity u, = (1/A)dE/dk,
propagate in the metasurface, the spin-down (spin-up) branch is
selectively populated, as shown in Figure 1c (Figure le). Com-
bined with spin-momentum locking, the change of group veloc-
ity within the metasurface induced by negative bias applied to
either the drain (V4 < 0) or source (V, < 0) electrodes enables
electrical control of helicity and directionality of the light emitted
by spin-polarized polaritons (Figure 1d,f).

3. Strong Coupling in High-Q Perovskite
Metasurface with Broken Inversion Symmetry

Methylammonium lead iodide (MAPbI,) perovskite was selected
for this proof-of-principle demonstration of an electrically driven
spin-polarized polariton light-emitting device because it com-
bines excellent excitonic and charge transport properties.[*-0
Its high refractive index also allows for monolithic fabrication
of metasurfaces®~*l in light-emitting transistor devices. Absorp-
tion measurements of a pristine MAPbI, film at 78 K yield exci-
ton energy of E,,. = 1.693 eV and damping rate of y . = 68 meV
using the Elliot model fitting (Note S1 and Figure S1, Support-
ing Information). The exciton binding energy extracted from the
model (E, ~30 meV) is larger than the thermal energy even at
room temperature, fulfilling the prerequisite for the formation of
stable exciton-polaritons.!*’l The low temperature electrical char-
acteristics of the MAPbDI, perovskite reveal slightly unbalanced
ambipolar charge carrier injection, with higher mobility observed
for electrons (Note S2 and Figure S2, Supporting Information).
Our monolithic metasurface design uses an isosceles trian-
gular hole unit cell, with broken in-plane inversion symmetry
(Figure 2a,b).263”5* The optical response of the perovskite meta-
surface was numerically evaluated by modelling the refractive in-
dex of MAPDI; as a Tauc-Lorentz dielectric, both in the absence
and presence of excitons (Note S3 and Figure S3, Supporting In-
formation). The band structure of the passive perovskite metasur-
face in the absence of excitons, calculated by eigenmode simula-
tions, displays a pair of pure 6+ and ¢~ states (|S;| = 1) adjacent to
the I'-point on the Ph, band, as seen in Figure 2c. These circularly
polarized states, known as C-points, emerge from the splitting of
the polarization singularity (V-point) of the symmetry-protected
BIC upon breaking the in-plane inversion symmetry of the meta-
surface. The electric field distribution of the Ph, band shows a
quadrupole mode strongly confined within the perovskite mate-
rial (Figure S4, Supporting Information), favoring the strong in-
teraction of perovskite excitons and cavity photons. Convention-
ally, in a triangular hole metasurface, where only the in-plane IS
is broken, the Q-factor for the Ph, band peaks at the I"-point. Here
the mode is linearly polarized in the far field (|S;| = 0) and the Q-
factor strongly decreases toward the C-points, as shown in the up-
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per panel of Figure 2d. Recently, it was shown that high Q-factor
points can be created anywhere off I" exploiting the hybridiza-
tion of photonic resonances when the out-of-plane symmetry of
the system is broken;>*! alternatively, one of the C-points could
be shifted to the high-Q I'-point through a slant along the verti-
cal axis of the metasurface unit cell.[’®>”] Here we make use of
the transistor stack, which breaks the out-of-plane symmetry by
design (Figure 2a), and optimize the thickness of the SiO, dielec-
tric layer (500 nm) between the Si substrate and the perovskite
film to produce two high Q-factor modes at the C-points (at k, =
+ 0.125 pm-") on the Ph, band (lower panel of Figure 2d). The
creation of these high-Q points stems from the interplay between
Ph, and Ph, bands, which would be nearly degenerate in the ab-
sence of vertical symmetry breaking. A detailed investigation of
the symmetry-dependent Q factor for the modes in the Ph, band
can be found in Note S4 and Figure S5, Supporting Information).
It is worth noting that our design strategy allows enhancing the
Q-factor of both circularly polarized photonic modes without re-
quiring additional layers or complex fabrication steps, offering a
simple route to achieve spin-polarized polaritonic emission from
electrically driven devices.

Excitonic states with energy E,,. within the monolithic meta-
surface coherently couple to spin-momentum locked photonic
modes with good spectral overlap (Figure 1b). The energy of the
resulting upper and lower polariton states can be calculated ac-
cording to the coupled oscillator modell®]

1 . .
EUP,LP = E (Ecav + Wy + Ecxc + lycxc) *

%\/4g2 + [Eexc + i}/exc - Ecav - i}/cav]z (1)

where E_, and y_,, are the energy and the damping rate of the
metasurface photonic modes, while E,. and y.,. the energy and
the damping rate of the excitonic mode of the perovskite. g is
the coupling strength between the two modes. The correspond-

2
Yeav—Vexc)
4

ing Rabi splitting energy is Q, = 21/g? —
sponds to the smallest energy difference between the upper and
lower polariton bands. The simulated angle-resolved reflection
spectra of the active perovskite metasurface (in the presence of
excitons), plotted in Figure 2e, show excellent agreement with the
experimental angle-resolved reflection spectra of Figure 2f. The
white and green solid lines in Figure 2f illustrate the dispersion
of the photonic modes Ph, and Ph; in the passive metasurface
(see Figure 2c), whereas the white and green dashed lines show
the dispersion of the polaritonic bands formed by the MAPbI,
exciton coupled to the photonic modes Ph, (LPB,, UPB,) and
Phs (LPBs, UPB;), respectively. The best fit to Equation (1) yields
Rabi splitting energies of the polaritonic bands associated to Ph,
and Ph; of gy, = 116 meV and g, = 138 meV. The difference
between the two could be attributed to the different mode pro-
file and dispersion of the Ph, and Phg photonic modes.[*®! The
Rabi splitting energy of polaritonic bands fulfil the criteria Q >
Yexe + Veawr 1€ 8 > V (Yexc? + Year?) /2. For our two sets of polari-
tonic bands, the linewidths of the photonic modes obtained from
the simulated spectra are y,,,,, = 0.5 meV and y,,,, = 0.6 meV,
thus confirming that the system is in a strong coupling regime.
The absence of the higher energy upper polariton bands (above

, which corre-
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Figure 2. Engineering strong chiral light—matter interaction in perovskite metasurfaces with broken inversion symmetry. a) Schematic of the quasi-BIC
unit cell on a SiO,-Si substrate. The geometric parameters are set as follows: period p = 355 nm, base and height of the triangular hole a = 0.6 X p,
thickness of the perovskite film t; = 350 nm, depth of the triangle hole d = 250 nm, thickness of the SiO, layer t, = 500 nm. b) Scanning electron
microscope image of the fabricated perovskite metasurface. The scale bar is 1 um. The inset shows an enlarged view of four unit cells. The scale bar
is 300 nm. c) Numerically simulated passive photonic bands of the perovskite metasurface with broken in-plane and out-of-plane inversion symmetry
(1S). The colormap indicates the value of the normalized Stokes parameter S;. The gray dashed line denotes the energy of the excitonic mode of the
MAPbI; perovskite. d) Simulated Q-factor (shaded areas) and S; (colored lines) of the photonic Ph, band for a passive perovskite metasurface with
only the in-plane IS breaking (upper panel) and both in-plane and out-of-plane IS breaking (lower panel), showing the emergence of two high-Q peaks
in correspondence of the C-points (blue and red dots). The insets show the schematic of the two designs. e) Simulated angle-resolved reflection spectra
of the active perovskite metasurface, when accounting for the MAPbI; exciton. The white solid line denotes the excitonic mode of perovskite (X).
f) Experimental angle-resolved reflection spectra of the perovskite metasurface. The white and green solid lines illustrate the dispersion of two passive
photonic modes (Ph, and Phg bands). The white and green dashed lines denote the dispersion of the corresponding polariton bands for Ph, (LPB,,

UPB,) and Phg (LPBs, UPBs), respectively.

1.693 eV) in both the simulated and experimental spectra is due
to the strong absorption of the perovskite above the band edge.
The angle-resolved photoluminescence measurement upon non-
resonant optical pumping, presented in Figure S8 in the Sup-
porting Information, demonstrates the substantial occupation of
spin-polarized polaritons in the LPBs, as predicted by the coupled
oscillator model. The Hopfield coeflicients of the LPB, band indi-
cate a high exciton fraction of ~0.2 (Figure S9, Supporting Infor-
mation), showing good potential for polariton condensation into
the spin states.

4. Electrically Driven Polaritonic Rashba Effect

We exploit the light-emitting transistor functionality to control
charge injection into the perovskite metasurface and induce
strong coupling of the excitons with designer photonic modes.
To improve brightness and uniformity of the electrolumines-
cence emitted from the transistor channel, the gate bias is AC-
modulated while the balance of electron and hole injection is
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controlled by DC source-drain bias.>® Under positive bias con-
ditions (V; =0V, V4 =90 Vand |V,| = 90 V), we observe a uni-
form distribution of radiative excitons across the metasurface,
as seen in Figure S8a in the Supporting Information. The mea-
sured angle-resolved EL spectra shown in Figure 3a reveal in-
tense emission from the LPBs, in good agreement with calcu-
lations (dashed line). The monolithic device architecture enables
efficient light-matter interaction, so that the signal from the un-
coupled excitons is barely visible in the spectra. As spin-polarized
polaritons decay as circularly polarized photons and outcouple
from the metasurface inheriting the same energy and momen-
tum, the spin-dependent polaritonic band structure can be de-
termined from circularly polarized EL measurements. The spin
properties of the polaritons are characterized by the normal-
ized Stokes parameter, S; =

[
e +1,-1
the k-space. Angle-resolved EL spectra of opposite polarization
handedness ¢* (Figure 3b) and 6~ (Figure 3c) reveal the polari-
tonic Rashba effect, i.e., the splitting of the electrically driven

which can be mapped in
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Figure 3. Electrically driven polaritonic Rashba effect from light-emitting perovskite metasurfaces. a) Total angle-resolved electroluminescence (EL)
spectra for the perovskite metasurface under the positive bias condition with V; =0V, Vg =90V, and |[V,| = 90 V, showing symmetrically distributed
polaritonic states around the normal direction (k, = 0). The solid lines denote the dispersion of the excitonic and photonic modes while the dashed lines
represent polaritonic bands, as defined in Figure 2f. b,c) The right-circularly (¢*) and left-circularly (6™) polarized angle-resolved EL spectra show mirror
symmetric distributions with respect k, = 0. d) The S; colormap of the EL dispersion reveals highly pure, spin-polarized bands, a clear manifestation of
the polaritonic Rashba effect. e-g) 2D momentum space images of the total, right-circularly polarized (o) and left-circularly polarized (6~) polaritonic
EL, obtained at the energy of 1.55 eV with a 10 nm band-pass filter. h) The corresponding S; colormap in the 2D k-space.

spin-polarized exciton polaritons, with ¢* and 6~ LPBs appear-
ing as mirror images in k-space. The corresponding S, map,
shown in Figure 3d, indicates a very high degree of circular po-
larization, reaching a maximum of 0.8 in the LPB, near + 2°, a
value remarkably close to the calculated |S;| = 1, when account-
ing for imperfections induced by the metasurface fabrication.
As discussed in Figure 2d, we observe enhanced Q-factors that
peak near the C-points in the EL spectra, revealed by the reduced
linewidth (Figure S7, Supporting Information) and the ~11-fold
maximum enhancement of the EL from the LPB, at the same
angle. Figure 3e—g illustrates the total, right circularly polarized,
and left circularly polarized far-field profiles of the polaritonic
emission from LPB, in the vicinity of the I'-point, collected using
a 10 nm bandwidth (%20 meV) bandpass filter centered around
1.55 eV. The corresponding S;, shown in Figure 3h, reveals the
high purity of the spin-polarized polaritons, with an integrates
|S;| value reaching ~0.7, consistent with the anisotropy map in
Figure 3d. Additional field patterns of the Rashba polaritons ob-
tained at different EL energies are illustrated in Figure S10 in the
Supporting Information.

5. Electrical Control of Spin-Polarized Exciton
Polaritons

The unique device functionality of the light-emitting metatransis-
tor allows to select momentum and spin of exciton polaritons by
simply adjusting the source—drain biasing conditions. While un-
der positive bias condition (V, > 0, Figure 1b) the distribution of
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excitons within the channel is uniform, under the S-biased con-
dition (V;=-90V, V; =0V, and |V,| = 80V, Figure 1d) excitons
are predominantly formed and concentrated near the drain elec-
trode; conversely, under the D-biased condition (V, =0V, V,; =
—90V, Figure 1f), excitons concentrate near the source electrode.
This is clearly seen in the optical images of the emitting device
in real space, where distinct EL gradients across the channel can
be observed in S- and D-biased conditions (insets of Figures 4a,b
and S11, Supporting Information). The corresponding charge in-
jection mechanisms are discussed in Note S5 in the Support-
ing Information and illustrated in Figure S12 in the Supporting
Information.

Asymmetric exciton distributions in the transistor channel re-
sult in the excitation of photonic modes with specific in-plane
group velocity, similarly to what had been shown in simulations
reported in ref. [34] (Figure S7, Supporting Information). Ex-
perimentally, polariton modes with defined group velocity were
demonstrated upon injection of propagating polaritons through
the boundaries of a BIC metasurface.l'’! In our device, polari-
tons are generated preferentially on the drain or source side of
the metasurface upon electrical charge injection. When excitons
accumulate on the left side of the metasurface, only photonic
modes with u, > 0 are populated, forming polaritons that prop-
agate in the + x direction and decay as photons carrying the cor-
responding energy and momentum. Likewise, when excitons are
formed at the right side of the metasurface, the emission derives
primarily from polaritons with negative in-plane group velocity
u, <0. It has to be noted that the polariton group velocity is linked
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Figure 4. Electrically tunable polariton spins and directionality from light-emitting perovskite metasurfaces. a,b) The total angle-resolved electrolumi-
nescence spectra, under D-biased and S-biased conditions, show a remarkable resemblance to the right- and left-circularly polarized EL spectra of
Figure 3b,c, thus demonstrating selective population of the spin-polariton modes. The insets show the real images of the EL emission from the per-
ovskite metasurface, under the respective bias condition. c,d) Spin-polarized polaritonic EL intensity at 1.545 eV (white dashed lines in Figure 4a,b),
exhibiting a strong degree of circular polarization at +2°. The gray shaded areas indicate the angle dependent EL intensity of the unpatterned perovskite

film, at the same photon energy.

to its spin state. Since the metasurface has broken IS but main-
tains translational symmetry, both the chirality and the group ve-
locity of the polaritonic bands are antisymmetric with respect to
the k -k, plane (k, = 0), i.e, S; (—k,) = =S;(k,) and u (-k,) =
—u(k,). Thus, as the group velocities associated with each pair
of circularly polarized states spawning from the BIC are char-
acterized by opposite signs ( u,. = —u,), the spin states of the
polaritons can be selected by controlling the sign of the group
velocity.

Figure 4a,b shows the angle-resolved EL spectra of the device
under S-biased and D-biased conditions, demonstrating efficient
population of either the right or the left halves of the LPB, band.
To depict the spin state of the excited polaritons on the LPB, band,
the angle-dependent circularly polarized EL intensity at the en-
ergy of 1.545 eV, under the two biasing conditions, are shown
in Figure 4c,d. Unlike the positive bias case, characterized by
equally populated spin-polarized polariton bands (Figure 3), in
the S-biased device we detect strong chiral EL with S; = 0.67 pri-
marily from the 6" polaritons at +2°, while the EL of the o~ state
is significantly suppressed (Figure 4c). On the other hand, en-
hanced chiral EL with S; = —0.54 from the o~ polaritons at —2° is
observed in the D-biased device (Figure 4d). This demonstrates
electrical selection of spin states and directionality of the exciton
polaritons.
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The strong enhancement of the spin-polarized polaritonic
emission at +2°, compared to the excitonic emission of the bare
perovskite film (shaded areas in Figure 4c,d), is due to the high Q-
factor near the C-points, discussed in Figure 2d. It shall be noted
that it is possible to tune the chiral EL emission angle by adjust-
ing the polariton energy away from the C-points, albeit at the cost
of sacrificing spin purity (a reduction of S;), as shown in Figure
S13 in the Supporting Information.

In addition to the electrical selection of polariton spin states
that emit in opposite directions from a single metasurface, the
design of pixelated metasurfaces can be employed to implement
electrical switching between polaritons with opposite spins emit-
ting in a given direction. For instance, this is possible using two
metasurfaces with 180°-rotated triangular holes positioned next
to the source and drain electrodes (Figure S14, Supporting In-
formation). Under S-biased or D-biased conditions, the emission
from each pixel can be assumed to be uniform. When transition-
ing between the two pixels by switching from the S-biased to the
D-biased condition, the EL emission intensity in a given direction
remains nearly unchanged, but its polarization is flipped (Figure
S14, Supporting Information). This provides an alternative route
for spin polariton control when fixed emission directionality is
required, such as to realize polarized light sources for quantum
information processing.

© 2024 Wiley-VCH GmbH
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6. Conclusion

In conclusion, our study has successfully demonstrated the
generation of directional spin-polarized exciton polaritons from
monolithic dielectric metasurfaces upon electrical injection, a
feat previously accomplished only in optically pumped micro-
cavities. The monolithic integration offers significant advantages
by enhancing light-matter interaction and reducing the overall
complexity of the system. In our work, the broken in-plane IS of
the metasurface lifts the spin degeneracy of the photonic modes,
while the broken out-of-plane IS enhances the Q-factor of the
spin states. Strong coupling is achieved between the electrically
injected perovskite excitons and the cavity photons at 78 K, with
the Rabi splitting energy of ~120 meV and high purity of direc-
tional spin-polarized polaritons (|S;| = 0.8).

Leveraging on spin-momentum locking, the unique function-
ality of the light-emitting transistor allows asymmetric exciton
injection under different biasing conditions, providing the capa-
bility to electrically control the spin state and directionality of the
polaritonic emission. This platform could be readily extended to
implement electrical tunability of other characteristics of exciton
polariton emission, e.g., amplitude and phase, simply by varying
the metasurface design. Thus, we believe this accomplishment
takes a significant step toward the integration of polariton spin-
tronic technologies with electronics, facilitating the practical re-
alization of polaritonic devices and architectures such as electri-
cally driven and tunable inversionless spin lasers, or spin logic
circuits.

7. Experimental Section

Numerical Simulations: The eigenmode simulations for the photonic
band structure, Q-factor, and normalized Stokes parameter were con-
ducted employing COMSOL Multiphysics 5.4. Floquet periodic bound-
ary conditions were applied in the transverse direction, while perfectly
matched layers were utilized in the z-direction. The Stokes parameter was

determined by simulating the far-field Jones vector [EZEV]T of the eigen-
mode. Angle-resolved reflection spectra were simulated using rigorous
coupled wave analysis within the Ansys Lumerical software. The refrac-
tive index of the MAPbI; perovskite at 78 K was derived from tabulated
permittivity data in ref. [48], fitting the data with a Tauc-Lorentz model.
This methodology facilitated the extraction of optical constants with and
without excitonic resonance. Further details are provided in Note S1in the
Supporting Information.

Material Synthesis: MAPbI; thin films were synthesized using
a solution-processed spin-coating method. Methylammonium iodide
(CH3;NHj31, MAI) was procured from Greatcell, lead iodide (Pbl,, 99.99%)
from Tokyo Chemical Industry Co. Ltd., and anhydrous dimethylfor-
mamide (DMF) from Sigma-Aldrich. All chemicals were used as re-
ceived without purification. The 1.2 M MAPbI3 precursor solution was
prepared by dissolving MAI and Pbl, powder in DMF with a molar ra-
tio of 1:1. After magnetic stirring for 2 h at 273 K in a N,-filled glove-
box, the solution was filtered through a polyvinylidene fluoride syringe
filter (0.45 um) before spin-coating. Substrates, heavily p-doped Si with
a thermally grown SiO, (500 nm) layer, were cleaned with ultrasonica-
tion in acetone, isopropanol, and deionized water. Following drying and
an oxygen plasma cleaning treatment, the perovskite precursor solution
was spin-coated onto the substrates with a speed of 4900 rpm for 35
s using the antisolvent deposition method, with toluene drop-cast on
the substrates 5 s after starting spinning. The resulting films were fi-
nally annealed at 373 K for 15 min, yielding a 350 nm thickness film, as
indicated by atomic force microscopy in Figure S15 in the Supporting
Information.
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Light Emitting Device and Metasurface Fabrication: The perovskite light
emitting device adopts the similar lateral configuration of a thin film field
effect transistor using a bottom-gate and top-contact configuration. After
the perovskite thin film fabrication, 100 nm thick Au electrodes were ther-
mally evaporated in high vacuum (=10—® mbar) using a shadow mask. To
avoid thermal decomposition of the perovskite films, samples were placed
on a water-cooled substrate holder at 291 K during the electrode deposi-
tion. The resulting LET channel length (L) and width (W) were 80 pm and
1 mm, respectively. The perovskite metasurface fabrication was conducted
by FIB lithography process. A 40 um X 40 um triangular air hole array was
patterned between the source and drain electrodes using the Helios 600
NanoLab, FEI system. The ion beam current was controlled around ~4 pA
for suitable spot size of etching.

Electrical and Optical Characterization: Electrical and optical charac-
terization was carried out using a temperature-controlled probe stage
(HFS600E-PB4/PB2, Linkam) at the temperature of 78 K in the dark and
under vacuum (x10—3 mbar). DC measurements for the transfer charac-
teristics were acquired with a two-channel precision source/measure unit
(B2902A, Agilent). Charge-carrier mobilities were extracted from the for-
ward sweeping of transfer characteristics obtained at V4, = 80V, using the

conventional equations for metal-oxide semiconductor transistors in the
2

2L 9ylgs
e (W) .

The photoluminescence (PL) and EL measurements were performed
with a home-built microspectrometer. The system consists of an inverted
optical microscope (Nikon Ti-U), a spectrograph (Andor SR-303i with 150
lines mm~" grating), and an electron-multiplying charged-coupled detec-
tor (Andor Newton 971). The PL spectra of the perovskite film were taken
when the sample was excited by a 405 nm continuous wave solid state
laser with a spot size of ~15 um in diameter. The EL measurements of
unpatterned light emitting devices were performed on the same optical
setup under positive bias mode of V, =0V, V4 = 90 V and AC gate volt-
age of |V;| = 80 V (100 kHz modulation frequency), using an arbitrary
waveform generator (3390, Keithley) coupled with a high-voltage ampli-
fier (WMA-300, Falco Systems). The optical images of the operating de-
vice were taken and acquired by a cooled scientific Complementary Metal—
Oxide-Semiconductor (sCMOS) scientific camera (PCO.edge 3.1 m) cou-
pled to the optical microscope.

Angle-Resolved Measurements: The angle resolved reflection, PL, and
EL measurements of the perovskite metasurface were also performed in
the home-built microspectrometer setup. A lens system along the light
path between the microscope and the spectrograph is used to project the
back focal plane of the collection objective (Nikon x50, with numerical
aperture, NA = 0.45) onto the slit of the spectrograph. This configuration
allows spectral or spatial measurement with angular information corre-
sponding to the NA of the objective. A pinhole in the detection path is
used as a spatial filter to collect the signal only from the center of the
metasurface, which mitigates the edge effects. A linear polarizer and quar-
ter waveplate placed on the optical path of the lens system were used to
select the collection polarization. A halogen white light was used as the
light source for the reflection measurement. The angle-resolved PL and
EL spectra were taken using the same pumping scheme as the previous
section. The EL spectra with S-biased and D-biased conditions were con-
ducted in the same setup by changing the electrical bias on the source and
drain electrodes.

saturation regime: pg,; =

Supporting Information

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