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Spin light-emitting diodes (spin-LEDs) have garnered significant attention for their potential applications in
quantum information technology, three-dimensional displays, and secure optical communications. Although
solution-processed spin-LEDs have advanced rapidly, they exhibit limited scalability and reproducibility. By
contrast, spin-LEDs fabricated via thermal evaporation offer scalability and reproducibility but remain under-
developed owing to uncontrolled crystallization and significant nonradiative recombination. In this study, we
developed efficient perovskite spin-LEDs via multisource sequential evaporation utilizing PbBry, chiral [1,1-
binaphthalene]-2,2"-diylbis[1,1-diphenyl-1,1"-phosphineoxide] (BINAPO) molecules, and CsBr. The chiral
BINAPO molecules with bidentate (P = 0), groups surround the CsPbBrj3 lattice to form a perovskite-BINAPO
structure. This structure controls perovskite crystallization, passivates surface defects, and enhances the exciton
binding energy. Furthermore, the chiral-induced spin-selectivity effect of the chiral BINAPO shell alters the spin
states of the injected carriers, which are subsequently transferred to the perovskite core, leading to the emer-
gence of chiro-optical properties in the perovskite. The resulting perovskite spin-LEDs achieve maximum external
quantum efficiencies of 13.20% (R-target) and 12.35% (S-target), in conjunction with electroluminescence
dissymmetry factors of —0.124 (R-target) and 0.106 (S-target). This study presents the first demonstration of
circularly polarized electroluminescence from thermally evaporated perovskite spin-LEDs, building a scalable
platform for high-efficiency spin optoelectronics and practical perovskite spin-LEDs integration.

1. Introduction The solution-processed perovskite spin-LEDs can be categorized into
several structural configurations [13-21]. Chiral two-dimensional (2D)
perovskites serve as spin-selective layers via the CISS effect, wherein the

R- or S-configuration induces spin-up or spin-down polarization of

In the past decade, halide perovskites have emerged as promising
materials for next-generation displays owing to their exceptional opto-

electronic properties [1-4]. Perovskite spin light-emitting diodes
(spin-LEDs) have attracted considerable attention for applications in
quantum information technology, three-dimensional (3D) displays, and
secure optical communication [5-8]. To exploit the spin-related prop-
erties of perovskite light-emitting diodes (PeLEDs), chiral groups act as
spin filters to generate an asymmetric population of spin-polarized
carriers in the perovskite layer via the chiral-induced spin selectivity
(CISS) effect [9-12].

injected carriers, resulting in left- and right-handed circularly polarized
light (CPL) emissions from the emissive layer, corresponding to the R- or
S-configuration (L-CPL and R-CPL, respectively). In some chiral perov-
skite systems, spin polarization originates from organic-to-inorganic
structural chirality transfer, in which chiral organic components
induce lattice distortion in the inorganic perovskite framework,
enabling spin-polarized emission upon photon absorption in the inor-
ganic domain [22-24]. perovskite spin-LEDs incorporating chiral 2D
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perovskite interlayers exhibit a high degree of spin polarization [25].
However, these devices suffer from low efficiency owing to poor charge
carrier transport attributed to the large bandgap and spin relaxation at
the interface. [19] Consequently, both the external quantum efficiency
(EQE) and dissymmetry factor remain limited. By contrast, chiral
quasi-2D perovskites generate spin-polarized carriers in the chiral 2D
perovskites, whose spin and energy are funneled into 3D perovskites
that act directly as CPL-emissive layers, thereby facilitating CPL emis-
sion. [16] Nevertheless, the population of spin-polarized carriers may
decrease owing to spin relaxation, further reducing the degree of spin
polarization in conjunction with the inherent stability limitations of
chiral quasi-2D perovskites [26]. Recently, structural strategies such as
the incorporation of chiral ligands and core-shell architectures have
been employed in perovskite spin-LEDs to achieve high electrolumi-
nescence (EL) dissymmetry factors (gcp.gr) and efficient light emission
because spin-polarized excitons generated via the CISS effect rapidly
recombine and emit CPL owing to their large exciton binding energy
[18-21]. To address the limitation of short spin lifetimes in carriers
injected via the CISS effect at room temperature, perovskite spin-LEDs
must be designed to enable rapid recombination, which is crucial for
effective CPL emission [27].

Currently, highly efficient CP-PeLEDs are predominantly fabricated
employing solution-based methods, which encounter scalability and
reproducibility issues, as well as compatibility issues with commercial
organic LED (OLED) facilities. In addition, solvent-related costs and
incompatibility with OLED facilities further increase the manufacturing
costs, making solution processes unsuitable for practical applications. To
address these challenges, thermal evaporation offers a promising alter-
native as it eliminates the need for solvents, ensures compatibility with
the OLED manufacturing infrastructure, and provides excellent scal-
ability and process uniformity [28]. However, systematic studies on
thermal evaporation for production of perovskite spin-LEDs have not yet
been reported, highlighting a significant gap in the current literature.
Thermally evaporated PeLEDs often exhibit inferior performance
compared with solution-processed PeLEDs, primarily because of un-
controlled crystal growth that generates undesirable defect sites, which
in turn promote trap-assisted non-radiative recombination [28-30]. To
address this issue, electron-donating additives that coordinate with PbX,
during thermal evaporation have been shown to control the crystalli-
zation and passivate defect sites, resulting in EQEs exceeding 16% and
demonstrating the strong potential of thermally evaporated PeLEDs [29,
30]. Notably, to realize successful thermally evaporated perovskite
spin-LEDs, such strategies must also be compatible with the spin-related
properties that are critical for circularly polarized light emission.

In this study, we fabricated thermally evaporated perovskite spin-
LEDs incorporating a well-defined perovskite—chiral [1,1’-binaph-
thalene]-2,2"-diylbis[1,1-diphenyl-1,1"-phosphineoxide] (BINAPO) cor-
e-shell structure. The formation of a versatile chiral BINAPO shell
controls perovskite crystallization, resulting in a significantly reduced
grain size in the perovskite film. The core—shell structure induces strong
carrier and dielectric confinement at the organic-inorganic interface,
thereby enhancing the exciton binding energy. Furthermore, the
bidentate (P =0), groups of the BINAPO shell effectively coordinate
with undercoordinated Pb2* jons, suppressing trap-assisted non-radia-
tive recombination, thereby improving optoelectronic properties. In
terms of chiro-optical functionality, the BINAPO shell acts as a CISS
active layer that modifies the spin states of the injected carriers, which
are subsequently transferred to the perovskite core to efficiently
recombine and form spin excitons that generate circularly polarized EL
(CP-EL). This recombination is further facilitated by the large exciton
binding energy resulting from the strong exciton and dielectric
confinement in the core-shell structure. Consequently, the thermally
evaporated perovskite spin-LEDs based on the CsPbBr3-BINAPO core—
shell structure reached maximum EQEs of 13.20% (R-target) and
12.35% (S-target), in conjunction with gcp.gr, of —0.124 (R-target) and
0.106 (S-target). Our study represents the first demonstration of CP-EL
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from thermally evaporated perovskite spin-LEDs, establishing a scal-
able platform for high-efficiency spin optoelectronics.

2. Experimental section
2.1. Materials

Glass/ITO (12 Q sq—1, AMG), CsBr (ultra-dry, 99.999%, metal basis,
Alfa Aesar), PbBry (ultra-dry, 99.998%, metal basis, Alfa Aesar), 2-[4-
(9,10-Di-naphthalen-2-yl-anthracen-2-yl)-phenyl]-1-phenyl-1H-benzoi-
midazole(ZADN)  (Ossila), (R)-[1,1-Binaphthalene]-2,2"-diylbis[1,1-
diphenyl-1,1-phosphineoxide](99%, AmBeed), (S)-[1,1-Binaphthalene]-
2,2-diylbis[1,1-diphenyl-1,1-phosphineoxide] (99%, AmBeed), LiF
(99.9%, TASCO), Al (99.99%, 3mm pellets, TASCO), PEDOT:PSS (AI
4083, Clevios), ethanolamine (Sigma-Aldrich), DMSO-d6 (99.9 atom % D,
sigma Aldrich) and NafionTM perfluorinated resin solution (Aladdin)
were used as-received, without further purification.

2.2. Device fabrication

Glass/ITO electrode substrates were cleaned through sonication for
30min in sequence using deionized water, acetone, and isopropyl
alcohol, followed by exposure to UV ozone for an additional 30 min. The
HTL was prepared by mixing PEDOT:PSS, NafionTM perfluorinated
resin solution, and ethanolamine in a volume ratio of 2:1:0.05. The
mixture was stirred for 24 h before use. The HTL solution was spin-
coated onto the pre-patterned ITO substrate at 2000 rpm (second step)
for 43 s and annealed at 150 °C for 20 min. The substrates were loaded
into a high vacuum chamber to evaporate the perovskite layer. PbBrj,
R-/S- BINAPO, and CsBr were thermally evaporated at rates below 0.5,
0.1, and 0.9 A/s, respectively. For layer-by-layer sequential thermal
evaporation, 9 pairs of PbBry, R-/S- BINAPO, and CsBr were deposited,
with thicknesses of 1.5nm for PbBry, 2.5nm for R-/S- BINAPO, and
2.5 nm for CsBr. After evaporation, the perovskite films were transferred
into a Na-filled glovebox and annealed at 110 °C for 20 min. After
cooling, 30-nm-thick ZADN, 1-nm-thick LiF, and 100-nm-thick Al layers
were continuously thermally evaporated under a high vacuum of
3 x 107 Torr.

2.3. Characterization of perovskite film

SEM was performed using a Nova NanoSEM 230 (Hillsboro, OR,
USA) instrument operated at 10 kV. UV-Vis spectroscopy was conducted
by Cary 5000, Agilent Technology. The PLQY was performed using a
Quantaurus-QY Plus UV-NIR absolute PL quantum yield spectrometer
(C13534-33, Hamamatsu Corp.) equipped with a Xenon lamp as a light
source and a 3.3in. integrating sphere, the excitation wavelength was
400 nm. Two-dimensional grazing incidence X-ray diffraction mea-
surements were obtained at the Pohang Accelerator Laboratory (PAL,
Korea, beamline PLS-II 6D). A two-dimensional charge-coupled device
detector (pixel size of 0.078 nm, MX225-HS, Rayonix L.L.C.), placed at a
distance of 240.4 mm from the samples, was used to record the scat-
tering patterns. The incident angle was fixed at 0.11°. XPS investigations
were performed using a K-Alpha spectrometer (Thermofisher Scientific,
Waltham, MA, USA) with Al Ka nonmonochromatic X-ray excitation.
Time-resolved photoluminescence spectra were obtained using a time-
correlated single-photon counting setup (FluoTime 300, PicoQuant,
Germany). 2°’Pb NMR was measured with 600 MHz AVANCE NEO 600
(Bruker). Temperature-dependent conductivity was measured using a
cryogenic probe station (Lakeshore CRX-4K) with a Keithley 4200-SCS
detector at 10-300 K. UPS analysis was conducted using a UPS system
(AXIS Nova, Kratos Analytical) with a He (21.2 eV) ultraviolet source.
Absorption and CD spectra was carried out using CD spectrometer (Jasco
CD J-1700, Jasco Inc.) at the KAIST Analysis Center for Research
Advancement (KARA). CPPL measurement was carried out using CPL
spectrophotometer (Jasco CPL-300, Jasco Inc.) at the KAIST Analysis
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Center for Research Advancement (KARA). The CPEL measurement is
set up as shown in Fig. S20, the emitted light passes through a quarter-
wave plate, converting it into linearly polarized light, and then passes
through a linear polarizer, after which the intensity is compared. The left
and right CPL signals were separated by rotating the linear polarizer by
90°. Prior to the magnetic conductive probe AFM measurement, the
Co-Cr-coated AFM tips were magnetized using a permanent magnet for
30 min. A resonance frequency of 75kHz was applied during the mc-
AFM measurements. The I-V characteristics were repeatedly measured
at room temperature under a sweeping bias from -4V to +4V. The
device structure used for spin-polarized current measurements was ITO/
HTL/perovskite/Co—Cr tip. The performance of encapsulated PeLEDs
were measured using a Keithley 2400 source meter and spectroradi-
ometer (CS-2000, Konica Minolta) under ambient conditions.

(a)
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3. Results and discussion

Perovskite thin films were fabricated via multi-source sequential
evaporation of PbBry, BINAPO, and CsBr (Fig. 1a, Fig. S1). Given the
susceptibility of organic molecules to decomposition during thermal
evaporation, the thermal stability of BINAPO was investigated. Ther-
mogravimetric analysis revealed negligible weight loss below 270 °C,
indicating robustness during evaporation, whereas BINAPO began to
evaporate at approximately 150 °C during the thermal evaporation
process (Fig. S2). The perovskite morphology obtained by incorporating
BINAPO during thermal evaporation was analyzed. Scanning electron
microscopy (SEM) measurements revealed significant differences be-
tween the control and target perovskite films. The control films
exhibited large grains, indicating uncontrolled crystallization and grain
coarsening (Fig. 1b). By contrast, the target perovskite film exhibited a
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Ligand

(R-/S- BINAPO)

Fig. 1. Formation of a CsPbBr3/BINAPO core/shell structure via multi-source sequential evaporation. (a) Schematic of multi-source sequential evaporation of PbBr5,
BINAPO, and CsBr. SEM images of the (b) control and (c) target perovskite films. (d) HAADF-STEM image of the target perovskite film (inset: fast Fourier transform
(FFT) patterns of the CsPbBrj3 cubic lattice). Magnified views of HAADF-STEM images of the surface areas of the target perovskite film. (e) A; and (f) A,. (g) HAADF-
STEM and EDS mappings of the target perovskite film showing the distribution of Cs (green), Pb (blue), Br (orange), and P (red) on the grains.
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more uniform morphology with substantially smaller grains, demon-
strating that the incorporation of BINAPO effectively controlled the
crystal growth and formed a homogeneous microstructure (Fig. 1c). The
microstructural changes caused by the addition of BINAPO were
observed via high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM). The control perovskite film exhibits
relatively large grains, whereas the BINAPO-incorporated target
perovskite film shows significantly reduced grain sizes on the order of
~20nm scale. During crystallization, BINAPO molecules attach to the
perovskite surface, forming a shell that facilitates the formation of a
core-shell structure. HAADF-STEM imaging confirmed the presence of a
3D CsPbBrs lattice with a lattice spacing of 0.29 nm corresponding to the
(200) plane of the core and showed a well-defined interface between the
perovskite core and the surrounding BINAPO shell. However, in the
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control film, the HADDF-STEM image shows that the crystalline
perovskite region is clearly distinguished from the surrounding dark
contrast region, and the lattice pattern extend uniformly to the grain
surface (Fig. 1d, e, f, Fig. S3, and S4) [31], [32]. Energy-dispersive X-ray
spectroscopy (EDS) mapping shows the core-shell structure (Fig. 1g and
Fig. S4). The Cs, Pb, and Br signals were confined within the perovskite
grains, verifying the composition of the CsPbBrs lattice. The P signal
associated with BINAPO was observed throughout the film, with a ten-
dency to appear near the grain regions, consistent with its role in
forming a shell-like interfacial environment around the perovskite
grains.

To investigate the structural changes between the control and target
perovskite films, we conducted grazing-incidence wide-angle X-ray
scattering (GIWAXS) measurements (Fig. S5). The 2D GIWAXS patterns
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Fig. 2. Interaction between BINAPO and perovskite during crystallization. In situ photoluminescence (PL) spectra of (a) the control and (b) target perovskite film
during annealing. (c) XPS spectra of the Pb 4 f signal in the control and target perovskite films. (d) 2°”Pb NMR measurement of the control (PbBr, only) and target
perovskite (a mixture of PbBr, and BINAPO) dispersed in DMSO-d6. (e) Time-correlated single-photon counting (TCSPC) data of the control and target perovskite
films. (f) Space-charge-limited current (SCLC) analysis of the hole-only devices with the control and target perovskite films. In this figure, R-BINAPO was used for

preparing target perovskite films.
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of the control and target perovskite films exhibited three primary peaks
corresponding to the (100), (110), and (200) planes of the CsPbBrs
structure. Compared with the control film, the three primary peaks of
the target perovskite film exhibited wider full widths at half maximum,
confirming reduced grain sized. Furthermore, we measured the UV-vi-
sible absorption spectra and employed ultraviolet photoelectron spec-
troscopy (UPS) to investigate the optical bandgaps and energy levels of
the control and target perovskite films and BINAPO molecules (Fig. S6
and S7). The control film exhibited two absorption peaks at 511 and
315 nm, corresponding to the 3D phase (CsPbBr3) and zero-dimensional
(OD) phase (Cs4PbBrg), respectively. The 315 nm peak attributed to the
0D phase was suppressed in the target perovskite film, likely owing to
steric hindrance of the chiral BINAPO molecules [30]. By contrast, the
target perovskite film exhibited two absorption peaks at 500 and
335 nm, corresponding to the 3D phase (CsPbBr3) and the characteristic
absorption of BINAPO, respectively. The blue shift of the 3D phase
(CsPbBr3) peak from 511 to 500 nm was attributed to the grain size
reduction induced by BINAPO. The presence of the 335-nm peak, also
observed in the absorption spectrum of the BINAPO molecule, con-
firming its molecular origin.

Tauc plot analysis of the films revealed optical bandgaps of 2.37 eV
for the control film, 2.41 eV for the target perovskite film, and 3.62 eV
for BINAPO (Fig. S8). The wider-bandgap BINAPO (3.62 eV) surround-
ing the 3D CsPbBr; (2.41 V) leads to carrier and dielectric confinement
at the organic-inorganic interface, strengthening excitonic effects in the
target perovskite film [33-35]. This confinement effect significantly
increased the exciton binding energy from 84.91 to 261.31 meV as grain
size reduced, as confirmed by temperature-dependent photo-
luminescence (PL) measurements (Fig. S9 and Supplementary Note 1).

The crystallization kinetics of the control and target perovskite films
were investigated by performing in-situ PL measurements during ther-
mal annealing. The experimental setup is shown in Fig. S10. A 365-nm
UV light source was used for excitation, placed within a nitrogen-filled
glovebox to minimize moisture and oxygen exposure, and the emitted
PL signal was collected via an optical fiber. As shown in Fig. 2a, the PL
intensity of the control film remained nearly constant for the next 6 min.
Subsequently, the PL intensity decreased rapidly owing to uncontrolled
crystallization during annealing. By contrast, the PL emission of the
target perovskite film increased significantly for over 30 min, suggesting
that the addition of the chiral BINAPO molecule effectively controlled
the crystallization process, leading to a reduced grain size in the
perovskite during annealing (Fig. 2b).

The role of the chiral BINAPO molecules in modulating crystalliza-
tion was further investigated employing electrostatic potential (ESP)
mapping, X-ray photoelectron spectroscopy (XPS), and nuclear mag-
netic resonance (NMR) analyses. As shown in Fig. S11, BINAPO adopts a
bidentate structure (i.e., (P = 0)2) with regions of negative ESP (red)
localized around the oxygen atoms of the two phosphine oxide groups,
indicating high electron density [36—39]. XPS analysis revealed that the
Pb 4 f peak of the target perovskite film shifted to a higher binding
energy than that of the control, which was attributed to the replacement
of Br” with more electronegative oxygen atoms via chemical interactions
between the P = O groups and Pb%* ijons (Fig. 2¢) [30,40]. Reflecting
this interaction, a corresponding shift was observed in the Br 3d peak;
however, no shift was detected in the Cs 3d peak (Fig. S12). In addition,
207ph NMR spectra of the control (PbBry) and target perovskite
(PbBro—BINAPO mixture) films showed a distinct chemical shift, con-
firming the coordination between BINAPO and Pb and indicating a
modified local chemical environment (Fig. 2d). Collectively, these re-
sults demonstrate that BINAPO acts as a bidentate ligand that co-
ordinates with Pb?* ions and regulates crystal growth, thereby reducing
grain size during perovskite crystallization.

In addition to grain size reduction during crystallization, the chiral
BINAPO was introduced to simultaneously enhance the optoelectronic
and chiro-optical properties of the perovskites, both of which are
essential for achieving high-performance perovskite spin-LEDs. To
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comprehensively analyze the role of the chiral BINAPO in enhancing the
optoelectronic properties, we performed time-correlated single-photon
counting (TCSPC) measurements. According to the TCSPC results, the
target perovskite film exhibited a longer average PL decay lifetime
(8.48 ns) compared with those of the control film (3.36 ns) (Fig. 2e and
Table S1). Under the same measurement conditions, the target perov-
skite film exhibited a significantly higher PL intensity than that of the
control film. Additionally, the target perovskite film exhibited PL
quantum yield of 58.5%, which was significantly higher than that of the
control film (12.2%) (Fig. S13). This enhancement is attributed to the
introduction of chiral BINAPO, which increases the exciton binding
energy and effectively suppresses trap-assisted nonradiative recombi-
nation by defect passivation. To further analyze the optoelectronic
properties, dark J-V measurements of hole-only devices (ITO/m-
PEDOT:PSS/perovskites/MoO3/Ag) were conducted to compare the
trap densities of the control and target perovskite films employing space-
charge-limited current (SCLC) analysis (Fig. 2f and Supplementary
Note 2). The control device exhibited a trap-filling limit voltage (Vrr)
of 0.84 V, corresponding to a trap density (1y4p) of 1.72 x 10%° cm~3,
whereas the target perovskite device exhibited a lower Vg, of 0.54 V,
and a reduced ngg, of 1.07 x 10%° cm 3. The reductions in Vrpr and ngqp
are attributed to effective defect passivation by the chiral BINAPO,
which is consistent with the enhanced PL intensity, prolonged PL life-
time, and increased PL quantum yield observed for the target perovskite
film.

Circular dichroism (CD) spectroscopy was performed to investigate
the chiro-optical properties of the R-/S-target perovskite films. In this
study, the differential absorption spectra of left- and right-handed CPL
(Ae = g1, — er) were recorded in the spectral range of 200-600 nm. The
CD spectra of the R-/S-target perovskite films exhibited distinct ab-
sorption bands within this range (Fig. 3a, b, and Fig. S14). Accordingly,
the R-/S-BINAPO films exhibited mirror-image CD signals in the corre-
sponding absorption region, in conjunction with a distinct Cotton effect
(Fig. S15). The highest-energy absorption band observed near 235 nm
originates from the n — 7* transition of the naphthyl groups in chiral
BINAPO [36,41]. As shown in Fig. S16, the 1 — n* satellite group is
observed at approximately 291 eV in the XPS C 1 s spectra of both R-/S-
target perovskite and R-/S-BINAPO films, confirming the presence of the
n — ¥ transition. In addition, the lower-energy absorption bands at
approximately 300 nm and near 335 nm were attributed to the n — n*
transition from the P = O group to the naphthyls, and the characteristic
absorption of the chiral BINAPO, respectively. Both absorption bands
exhibited Cotton effects with mirror-image signals depending on the
handedness of BINAPO (R- or S-). To minimize the effects of linear
birefringence and dichroism in the target perovskite films, the samples
were rotated and flipped within the observation plane (normal to the
direction of incident light) during the measurements [42], [43]. After
rotating the sample by 90°, flipping it, and subsequently rotating it again
by 90°, no prominent change in the CD signal was observed, indicating
that the signal did not originate from the anisotropy of the perovskite
crystal (Fig. S17). Additionally, circularly polarized photoluminescence
(CPPL) measurements were conducted, revealing mirror-image signals
that can be attributed to chiral core-shell perovskites (Fig. 3c).
Furthermore, control experiments using racemic BINAPO were per-
formed to verify the origin of the chiro-optical properties. No detectable
CD or CPL signals were observed in the racemic sample, confirming that
the observed circular polarization originates from the molecular
chirality of BINAPO (Fig. S18). These results demonstrate that the
incorporation of chiral R-/S-BINAPO induces chiro-optical activity in
perovskite films.

To validate the spin-selectivity effect of the chiral core-shell perov-
skites induced by mirror-symmetric distortion of the R-/S-BINAPO shells
via the CISS effect, magnetic conductive-probe atomic force microscopy
(mCP-AFM) measurements were performed [44]. The conductive AFM
tip was coated with Co/Cr and magnetized to selectively inject
spin-polarized carriers (spin-up or spin-down) (Fig. 3d). The device
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Fig. 3. Chiro-optical characterizations of chiral perovskite. (a) CD spectra of the R- and S-target perovskite films. (b) UV-vis absorption spectra of the R- and S-target
perovskite films. (¢) Circularly polarized photoluminescence (CPPL) spectra of the R- and S-target perovskite films. (d) Schematic illustration of mCP-AFM analysis. I-
V curves under different injected spin polarizations based on the (e) R- and (f) S-target perovskite films.

structure comprises ITO/m-PEDOT:PSS/chiral perovskites. To evaluate
the spin-dependent charge transport, the spin polarization (P) was
calculated using the relation P = (Iyp — Iqown)/(Iup + Idown), Where Iy,
and Igown correspond to the measured currents in the up and down
magnetization states [45]. The average current-voltage (I-V) curves
were measured (Fig. S19), and the P values of the R- and S-target
perovskite films at 3 V were 63.9% and —65.7%, respectively (Fig. 3e
and f). These findings indicate that the handedness of BINAPO induces
mirror-symmetric distortions in the shell, which in turn lead to spin
selectivity in the chiral core-shell perovskites via the CISS effect.
Leveraging the synergistic enhancement of both optoelectronic and
chiro-optical properties in the perovskite film, we fabricated perovskite
spin-LEDs with glass/ITO/m-PEDOT:PSS/chiral perovskites/ 2-[4-
(9,10-Di-naphthalen-2-yl-anthracen-2-yl)-phenyl]-1-phenyl-1H-benzoi-
midazole(ZADN)/LiF/Al using control and target perovskite devices
incorporating R-/S-BINAPO (denoted as R-target and S-target, respec-
tively) (Fig. 4a and Table S2). The energy levels of the control and R-/S-
target perovskite layers, as determined by UPS and UV-vis spectra, are
presented in Fig. S20. Fig. 4b, ¢, and d show the current densi-
ty-voltage-luminance (J-V-L) characteristics, EQE-current density
(EQE-J) curves, and EQE distributions for the control, R-, and S-target
perovskite devices. Both the R- and S-target perovskite devices exhibited
a turn-on voltage (V1) of 2.0V, and maximum luminance values of
9747.5 cd/m? and 10,692 cd/m?, respectively. In particular, the R- and
S-target perovskite devices achieved maximum EQE values of 13.20%
and 12.35%, respectively, approximately a six-fold enhancement over
that of the control device (~2.4%). This improvement can be attributed
to the enhanced optoelectronic properties of the R-/S-target perovskite
layers owing to the significantly reduced grain size and defect passiv-
ation induced by the chiral BINAPO molecule. Furthermore, the EQE
distributions obtained from the 15 control and R-/S-target perovskite
devices exhibited high reproducibility (Fig. 4d). Fig. 4e shows the EL
spectra of the control and R-/S-target perovskite devices. The EL peak
initially observed at 518 nm in the control devices shifted to 510 nm in
the R-/S-target perovskite devices. This EL shift aligns with the
temperature-dependent PL analysis and can be attributed to the strong

confinement effect induced by the reduced grain size.

The operational stability of the perovskite spin-LEDs was measured
under constant-current conditions using the R-target perovskite devices.
For the R-target perovskite devices, the Tsq values were 163.95, 157.55,
68.85, 63.58, 45.03, 52.93, 41.63, and 44.33 min at initial luminance
values of 889.5, 1357.7, 2538.9, 2611.2, 3535.4, 3643.3, 4056.1, and
4432.7 cd/m?, respectively (Fig. S21). The accelerated lifetime equation
(L§Tso = constant, where n is the acceleration factor, set to 1.03 in this
study) was introduced to extrapolate the operational stability under
standard luminance conditions. The Ts( value of the R-target perovskite
device at 100 cd/m? was calculated to be 30.56 h (Fig. 4f).

To investigate the efficiency of CP-EL from perovskite spin-LEDs, we
evaluated the R-/S-target perovskite devices by comparing the in-
tensities of the L-CPL and R-CPL emissions utilizing a custom-built
Fourier-plane measurement setup (Fig. S22) [46]. The CP-EL was
measured at 2.8 V, the integration time was set to 5 s. The gcp.g;, values
for the CP-EL measurements were calculated as described in Supple-
mentary Note 3. The target perovskite devices incorporating 1.5
nm-thick R-/S-BINAPO layers per deposition cycle exhibited negligible
intensity differences between the left- and right-handed CP-EL (L-CP-EL
and R-CP-EL), corresponding to relatively low gcp.g, values of —0.0062
and 0.0024 for the R- and S-target perovskite devices, respectively
(Fig. S23). Insufficient amounts of chiral R-/S-BINAPO reduced the CISS
effect, resulting in inferior chiro-optical properties. By contrast, the
target perovskite devices with an optimized chiral R-/S-BINAPO layer
(2.5 nm-thick R-/S-BINAPO layers per deposition cycle) exhibited a
distinct intensity difference between R-CP-EL and L-CP-EL (Fig. 4g). The
handedness of the emitted CP-EL signals aligned with the chirality of R-
or S-BINAPO, indicating efficient spin manipulation. For comparison, a
control device fabricated using racemic BINAPO was also measured
under identical conditions. In this case, only a negligibly small CP-EL
signal was observed, with a gcp.g., value significantly lower than those
of the R- and S-devices, indicating the absence of meaningful circular
polarization (Fig. S24). Accordingly, the spin states of the injected car-
riers were altered by the CISS effect of the chiral BINAPO shell, and the
spin-polarized carriers were transferred to the CsPbBr3 core and rapidly
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Fig. 4. Device structure and electroluminescence (EL) characteristics of Spin-LEDs. (a) Device structure and cross-sectional SEM image of the target spin-LEDs. (b)
Current density-voltage-luminance curves. (c) External quantum efficiency (EQE)-current density curves. (d) Histogram of peak EQEs. (e) Normalized EL spectra of
the control and R-/S- target spin-LEDs. (f) Tsq lifetime-luminance curve obtained through accelerated lifetime test of the R-target spin-LEDs. (g) Difference between
the L- and R-CP-EL intensities (Iies-Irigh). (h) Dissymmetry factors (gcp.gL) for the R-/S- target spin-LEDs.

recombined to form spin excitons, generating CP-EL. This rapid
recombination was further promoted by the large exciton binding en-
ergy originating from strong carrier and dielectric confinement provided
by the perovskite/BINAPO core-shell structure. Finally, the gcp.g1, values
of the R- and S-target perovskite devices were estimated to be —0.128
and 0.106, respectively (Fig. 4h and Fig. S25). These increased gcp-gL
values in the target perovskite devices can be attributed to the strong
CISS effects induced by the optimized thickness of the chiral R-/S-BI-
NAPO and the formation of spin excitons owing to the large exciton
binding energy.

To the best of our knowledge, this study presents first demonstration
of circularly polarized EL from thermally evaporated perovskite spin-
LEDs. The R- and S-target devices simultaneously achieve high EQE
and high gcppL values, comparable to those of solution-processed
perovskite perovskite spin-LEDs (Table S3).

4. Conclusion

In summary, we successfully fabricated thermally evaporated
perovskite spin-LEDs by incorporating a well-defined perovskite/
BINAPO core-shell structure. The chiral BINAPO shell imparted
enhanced optoelectronic and chiro-optical properties to the target

perovskite. In particular, the chiral BINAPO shell effectively regulated
crystallization, leading to a significant reduction in the grain size of the
perovskite. This core-shell structure enhanced the exciton binding en-
ergy through strong carrier and dielectric confinement at the organ-
ic-inorganic interface. Furthermore, the bidentate (P = O)y groups of
the BINAPO shell were found to coordinate with the under-coordinated
Pb2* ions, suppressing trap-assisted non-radiative recombination and
improving the optoelectronic properties. In terms of the chiro-optical
functionality, the BINAPO shell acted as a CISS-active layer to control
the spin states of the injected carriers. These carriers were subsequently
transferred to the perovskite core to form spin excitons, which efficiently
recombined to generate CP-EL. Consequently, our devices achieved a
maximum EQE of 13.20% (R-target) and 12.35% (S-target), in
conjunction with an EL dissymmetry factor of —0.124 (R-target) and
0.106 (S-target). These findings represent the first demonstration of CP-
EL from thermally evaporated perovskite spin-LEDs, establishing a
scalable platform for high-efficiency spin optoelectronics.
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