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Core—Shell Perovskite Quantum Dots for Highly Selective
Room-Temperature Spin Light-Emitting Diodes

Gyumin Jang, Dae-Yeon Jo, Sunihl Ma, Junwoo Lee, Jaehyun Son, Chan Uk Lee,
Wooyong Jeong, Seongyeon Yang, Jeong Hyun Park, Heesun Yang,* and Jooho Moon*

Circularly polarized light (CPL) is a crucial light source with a wide variety of
potential applications such as magnetic recording, and 3D display. Here,
core-shell heterostructured perovskite quantum dots (QDs) for
room-temperature spin-polarized light-emitting diodes (spin-LEDs) are
developed. Specifically, a 2D chiral perovskite shell is deposited onto the
achiral 3D inorganic perovskite (CsPbBr;) core. Owing to the chiral-induced
spin selectivity effect, the spin state of the injected charge carriers is biased
when they are transmitted through the 2D chiral shell. The spin-controlled
carriers then radiatively recombine inside the CsPbBr; emissive core,
resulting in CPL emission. It is demonstrated that the (R)- and
(S)-1-(2-(naphthyl)ethylamine) (R-/S-NEA) 2D chiral cations enhance the spin
polarization degree due to their strong chiroptical properties. Systematical
defect analyses confirm that 2D chiral cations (i.e., R-/S-NEA) successfully
passivate halide vacancies at the surface of the CsPbBr; QDs, thereby
attaining a high photoluminescence quantum yield of 78%. Moreover, the

identical magnitude and 90° difference in
phase. CPL functions as a light source
for a wide variety of applications, such
as magnetic recording, 3D display, in-
formation processing, and quantum-based
optical computing.'* Typically, CPL can
be artificially generated through the inte-
gration of semiconductors and ferromag-
nets, which facilitates the control of spin
populations.l>®! In the absence of a mag-
netic field, the spin populations can be ad-
justed using chiral semiconductors through
the chiral-induced spin selectivity (CISS)
effect.[”8] In this case, the spin of the trans-
mitting carriers is polarized so as to al-
low only one of the spin states (i.e., ei-
ther the up- or down-spin state). Among
various classes of chiral semiconductors,
2D chiral organic-inorganic hybrid per-

spin-LEDs prepared with core—shell QDs achieve a maximum external
quantum efficiency of 5.47% and circularly polarized electroluminescence
with a polarization degree (Pcp.g, ) of 12% at room temperature. Finally,
various patterns fabricated by inkjet printing the core—shell QDs emit strong
CPL, highlighting their potential as an emitter for next-generation displays.

1. Introduction

Circularly polarized light (CPL) is elliptically polarized light
that consists of two orthogonal electromagnetic plane waves of
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ovskites (2D chiral OIHPs) have been ex-
tensively investigated since the first report
in 2017 owing to their exceptional spin-
related properties.l>1* In addition to the po-
larization effect, the extraordinary optoelec-
tronic properties such as large Rashba split-
ting and strong spin—orbit coupling make
them fascinating candidate for the CPL emitter.'>'8] Neverthe-
less, the 2D chiral OIHPs can hardly be directly applied as an
emitter due to their exceedingly high bandgap and electrically in-
sulating nature.[*%)

Recently, Kim et al. realized developed room-temperature spin-
polarized light-emitting diodes (spin-LEDs). In this framework,
2D chiral OIHP film was deposited at the bottom of a CsPbl,
quantum dot (QD) emitter to function as a spin-filter layer
through the CISS effect.?°! This approach helped overcome the
electrical limitation of 2D chiral OIHPs, and the resulting spin-
LEDs exhibited a circularly polarized electroluminescence (CP-
EL) dissymmetry factor (gcp g ) of 5.2 X 1073. However, the short
spin-coherence time in the ambient condition likely reduced the
spin selectivity, which limited the maximum thickness of the
emissive CsPbl; QD layer to ~20 nm. Therefore, the lumines-
cence of the prepared spin-LEDs was weak due to the scarce-
ness of emitting materials. To fully exploit the remarkable chiral-
induced properties of 2D chiral OIHPs, the CISS layer, emitting
materials, and their physical structures must be appropriately se-
lected and designed considering the limited spin lifetime of the
injected carriers.
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In this study, we prepared room-temperature spin-LEDs based
on core-shell perovskite QDs. The core of the QDs consisted of
achiral inorganic 3D perovskite (CsPbBr;), which functioned as
highly luminescent emitting materials. The shell was designed
as a CISS layer based on 2D chiral OIHPs, in which the spin
state of injected charge carriers was biased according to the
handedness of the chiral perovskite. Notably, Ye et al. also re-
ported core—shell structured perovskite nanocrystals with type-
I1 band alignment for room-temperature spin-LEDs.[?!] How-
ever, the quasi-2D perovskite used as a CISS layer suffered from
weak spin selectivity, presumably because of the penetration of
the chiral organic cation into the methylammonium lead bro-
mide core QDs during the synthesis, which significantly im-
paired the polarization degree of the emission. Moreover, or-
ganic cations with lengthy carbon chains cannot be easily in-
corporated into cesium lead halide perovskites.[??! Considering
these aspects, we used CsPbBr; QDs, which helped generate a
discrete boundary between the core and shell. Because chiral
organic cations typically form a chirality-induced spin control
shell, (R)- and (S)-1-(2-(naphthyl)ethylamine) (denoted as R- and
S-NEA, respectively) were introduced instead of conventional (R)-
and (S)-methylbenzylamine (denoted as R- and S-MBA, respec-
tively). The introduction of R-/S-NEA chiral cations enhanced the
spin polarization property owing to their higher magnetic transi-
tion dipole moment (MTDM).[?}] In addition, the R-/S-NEA chi-
ral cations increased the quantum efficiencies of the core—shell
QDs. Systematical quantitative defect analyses revealed that the
luminescence was enhanced owing to the defect healing induced
by the R-/S-NEA cations. Owing to the defect passivation, the
core—shell QDs with the R-/S-NEA shell exhibited a high photo-
luminescence quantum yield (PLQY) of 78%. We fabricated spin-
LEDs in which the preferred spin state of the injected electrons
was successfully regulated by the handedness of the 2D chiral
OIHP shell. The resulting spin-LEDs exhibited a maximum exter-
nal quantum efficiency (EQE) of 5.47% and |gcp.r; | of 2.4 x 107!
at room temperature. Finally, the core-shell QD ink was trans-
ferred to the inkjet printer and used to generate various patterns
that emitted strong CPL that could be visually detected.

2. Results and Discussion

The FAPbBr,; and CsPbBr; QDs were fabricated by the ligand-
assisted reprecipitation and hot-injection methods, respectively
(details are presented in the Experimental Section).?*®] After
synthesis and purification, each QD was redispersed in a non-
polar solvent (i.e., toluene) to generate the 2D chiral OIHP shell.
A stoichiometric precursor solution was prepared by dissolving
equimolar chiral organic cations (i.e., either R-/S-MBA or R-/S-
NEA) and lead halide in N,N-dimethylformamide (DMF), fol-
lowed by dropwise injection into either a FAPbBr; or CsPbBr,
QD dispersion under vigorous stirring. Figure 1a,b shows the
photoluminescence (PL) and absorbance spectra for the prepared
core—shell QD dispersions, which were obtained with an excita-
tion laser wavelength of 300 nm to examine the optical proper-
ties. Dominant PL emission peaks were observed at ~540 and
510 nm, consistent with the previously reported optical bandgaps
of FAPbBr; (~2.3 €V) and CsPbBr; (2.4 €V), respectively.?4%]
The PL emission peak positions of the FAPbBr; and CsPbBr;
core—shell QDs did not change significantly as the molar con-
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centration of the shell precursor increased from 0 to 2 mm Pb. In
both cases, the PL peaks corresponding to the shell were not de-
tected owing to the scarceness and weak luminescence of 2D chi-
ral OIHP materials. The intensity of the PL peak for the FAPbBr,
QDs decreased dramatically as the shell precursor concentration
increased. The PL peak intensity was negligible at a concentration
of 1 mu, and the luminescence completely disappeared when the
molar concentration reached 2 mwm (Figure 1c). This observation
indicated that the 2D shell precursor likely interacted with the
FAPDbBr, core QDs during the growth of the shell layer. The chi-
ral cations likely penetrated the FAPbBr, core lattice due to their
miscibility, resulting in recrystallization from the surfaces of 3D
FAPbBr, through the generation of various quasi-2D perovskite
phases (n=1, 2, 3,...).26%] Therefore, the excellent luminescence
of the 3D perovskite (i.e., FAPbBr;) deteriorated because a large
part of the luminescent core was converted to the quasi-2D chi-
ral OIHPs that exhibit stronger electron—phonon coupling and a
larger optical bandgap. Similarly, the CISS effect of the shell was
likely weakened owing to the reduced spin polarization ability of
the quasi-2D chiral OIHPs, because the loss of the chiral organic
cation inside the shell limited the spin selectivity of the shell.[?8]
The absorbance spectra of the FAPbBr, core—shell QDs prepared
with a shell precursor concentration of 1 mm (Figure 1a, gray
line) confirmed the existence of diverse 2D phases in the QDs
owing to the penetration of the chiral organic cations. The ab-
sorption peaks at 395 and 490 nm corresponded to the 2D phases
of n =1 and 4, respectively, and that at 545 nm corresponded to
the absorption edge for FAPbBr,.[%]

By contrast, in the case of the inorganic CsPbBr; core—shell
QDs, the luminescence property doubled in terms of the PL in-
tensity after the injection of the shell precursor with a concen-
tration of 1 mm. The luminescence was further enhanced when
the shell precursor concentration increased to 2 mwm (Figure 1d),
as discussed later. As expected, the absorbance spectra of the
CsPbBr; colloidal dispersion injected with the 1 mm shell pre-
cursor (Figure 1b, gray line) exhibited only two absorption peaks
at 370 and 510 nm, attributable to the n = 1 MBA,PbBr, 2D
phase and CsPbBr;, respectively. In order to exclude the possi-
bility of the independent 2D perovskite QD formation, we con-
ducted dynamic light scattering (DLS) measurement. As demon-
strated in Figure S1 (Supporting Information), DLS result of
CsPDBr, core QD solution displayed sharp peak intensity, indicat-
ing their excellent size uniformity. Similarly, DLS spectra of core—
shell structured QDs fabricated with R-NEA-based shell exhibited
monomodal distribution along with slightly broader size distri-
bution. Therefore, it can be conjectured that only core—shell QDs
without any other separate 2D QDs were generated inside the fi-
nal QD dispersion. Furthermore, we obtained X-ray diffraction
(XRD) spectra of core-shell QD films in order to gain additional
evidence for the evolution of a 2D chiral shell on CsPbBry; QDs
(Figure S2, Supporting Information). In addition to the peaks cor-
responding to CsPbBr; core, diffraction peaks assignable for lay-
ered 2D perovskite structure was recognizable. Therefore, it can
be affirmed that the increased particle size identified by DLS mea-
surements (Figure S1, Supporting Information) obviously results
from the deposition of a 2D perovskite shell around the CsPbBr,
core. According to a previous study, bulky 2D organic cations (i.e.,
MBA in this case) cannot be incorporated into the lattice of in-
organic cesium lead halide perovskites.[! Therefore, it can be
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Figure 1. Absorbance and steady-state PL spectra of a) FAPbBr; and b) CsPbBry QD solutions with varying concentrations of MBA shell precursor.
Digital photographs of c) FAPbBr; and d) CsPbBr; QD solutions with increasing concentration of shell precursor under UV light. HRTEM images of
core—shell structured e) FAPbBr; and f) CsPbBr; QDs with shells consisting of R-/S-MBA-based 2D chiral OIHPs.

speculated that 2D chiral cations typically do not penetrate the 3D
CsPDbBr; core lattice. In general, to fabricate spin-LEDs with high
selectivity, the spin filtering effect of the CISS layer (i.e., the chiral
shell) and the luminescence of the emissive core must be simul-
taneously improved. Our findings highlighted that the CsPbBr,
QDs can be used to produce core—shell QDs with a distinct het-
erojunction for high-performance spin-LEDs with a strong spin
polarization property.

High-resolution transmission electron microscopy (HRTEM)
images of the FAPbBr; and CsPbBr; core-shell QDs were cap-
tured. As shown in Figure le f, both the QDs were rectangular
with a similar diameter of ~12 nm. However, the boundary be-
tween the core and shell was quite ambiguous in the case of the
FAPDBr, QDs, and the lattice structure of the FAPbBr, could not
be recognized (Figure le). HRTEM image of the CsPbBr; core
QDs without shell is also demonstrated in Figure S3 (Supporting
Information), exhibiting their average size of ~#8 nm. Consider-
ing that the diameter of core—shell structured QDs was ~12 nm
(Figure 1f), the thickness of shell could be estimated to be ~2 nm.
The obscurity of the lattice structure could be attributed to the
penetration of the 2D chiral cation into the FAPbBr, cores. By
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contrast, the lattice structure of the CsPbBr; QDs could be clearly
identified with a representative lattice spacing of 0.29 nm corre-
sponding to the (200) plane.?%31] Additionally, a moderately dis-
tinct boundary could be recognizable between the core CsPbBr,
and 2D-chiral-OIHP-based shell by their brightness difference.
The observation of a relatively definite interface distinguished by
brightness difference assures the excellent luminescence prop-
erties of CsPbBr; core—shell QDs. It is noteworthy that the intro-
duction of 2D chiral precursors did not disrupt the lattice struc-
ture of the core QDs (Figure 1b), in contrast to the FAPbBr; QDs.
These results demonstrated that inorganic perovskite QDs can
be used for constructing core-shell QDs with well-defined het-
erostructures. Meanwhile, in both cases, it was challenging to
observe the lattice spacing of the shell, which is highly consis-
tent with previous reports.?233] During the early stage of TEM
analysis with CsPbBr, core—shell QDs, it was possible to observe
slight trace of 2D perovskite layered structure, as shown in Figure
S4 (Supporting Information). At later stage, the layered struc-
ture of 2D perovskite was deteriorated during high magnification
TEM analysis, because the large organic portion in the 2D chiral
OIHPs led to structural instability under intense electron beam.

© 2023 Wiley-VCH GmbH

85U8017 SUOWIWOD aA1e8ID 3|qeol(dde aup Aq pausencb afe sejoe O ‘8sn J0 Sa|nJ Joj AriqiT8uluO /8|1 UO (SUONIPUOD-pUe-SW.SI W00 A8 1M ARe.d [puljuo//Sdny) SUORIPUOD pue Sw.e L 8y} 88s *[7202/20/0] Uo Ariqiaulluo A8|iMm AIseAlun Bsuo A Aq SEE60£Z0Z BWIPR/Z00T OT/I0p/W0D A8 | 1M Aeiq 1 |Buluo//Sdny Wouy papeoumod ‘G v202 ‘S601TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a
3
s
2
)
c
[
8]
£
-
o
A 'l 'l
400 450 500 550 600
Wavelength (nm)
50
c - ,,
R |pup . 7
bk TiPoown prd
_r Tip, yd
g 7/
= /
- Zz
€ 0 s—asasa=- ST T
(3 /
5 /
o /
25k />4 <
g Ore-Sh,
/ PEDGr.pg (08
o’ Clasar s
[~ lassiro
-50 L L
2 1 0 1 2
Voltage (V)
e 6
—Ni
a} N.”"
IDown /
< Ni
g /
E o — Sl
[d
5
© '2[ Pl P
4 bz, O
P N N N N N
3 2 -1 1 2 3

0
Voltage (V)

www.advmat.de

b 5°
—— R-NEA
S-NEA
25
J /
f Ve
5l Ve
T o0 P 5= ol =\l 2 i
E | WM NSV g
3 [\
25} \
-50 L A
300 400 500 600
Wavelength (nm)
d 50 -
—Tipy,
TipDown
2T ——Tip,
<
£
T op-- ——
)
E
3
o
25k
50 s N N
-2 -1 0 1 2
Voltage (V)
f 6
A Ni,,
NiDown
<Et 2k Ni,
G 0= =
=
3
o -2 I-
4k
-6 A i A i A i A A A A A
-3 -2 - 0 1 2 3
Voltage (V)

Figure 2. a) Steady-state PL spectra of CsPbBr; QD solutions with varying concentrations of NEA shell precursor. b) CD spectra of core—shell QDs
prepared with R-/S-NEA 2D chiral cation. Current—voltage responses of c) ITO/PEDOT:PSS/CsPbBr; QD films with R-NEA 2D chiral OIHP shell and
d) ITO/PEDOT:PSS/CsPbBr; QD films with S-NEA 2D chiral OIHP shell, obtained by mCP-AFM at room temperature. Average current—voltage charac-
teristics measured with e) R-NEA and f) S-NEA-based CISS devices. The current—voltage curves were obtained 10 times with each CISS device under

opposite magnetization direction of the Ni electrode.

It should be also noted that, in most cases, the boundary between
core and shell layer can rarely be distinguishable by HRTEM im-
ages regardless of the material types due to the epitaxial growth
of shell materials on core.3*?’] Therefore, X-ray photoelectron
spectroscopy (XPS) was conducted in order to further confirm
the evolution of core—shell QDs. The Pb 4f, Br 3d, and Cs 3d XPS
spectra are also demonstrated in Figure S5 (Supporting Informa-
tion). The intensity of Cs 3d peak in core-shell QDs spectra is
significantly lower compared to that of the core QDs, which fur-
ther confirms the successful deposition of shell around the core
QDs (i.e., CsPbBr;). As demonstrated in Table S1 (Supporting In-
formation), XPS surface analysis of CsPbBr; core QDs revealed
that the atomic percentage for Cs was 21.14%, which dramati-
cally decreased to 7.99% after the injection of 2D perovskite (i.e.,
NEA,PbBr,) precursor because Cs-related photoelectron signal
from core domain became substantially attenuated by the 2D chi-
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ral shell formation without Cs element. This clearly indicates that
the 2D chiral shell well surrounded the CsPbBr, core QDs.

The chiroptical and spin-related properties of 2D chiral OTHPs
are influenced by the type of chiral organic cations. We previ-
ously observed that the higher MTDM of R-/S-NEA-based 2D
chiral OIHP films resulted in stronger chiral activity compared
with those of the films prepared with conventional R-/S-MBA
cations.¥] Therefore, in this study, we synthesized core—shell
heterostructured QDs with R-/S-NEA chiral cations (Figure S6,
Supporting Information), whose chiroptical property is expected
to be superior to those of core—shell QDs with R-/S-MBA-based
shells. The PL spectra of R-NEA-2D-chiral-perovskite-based
core-shell QDs were obtained with different molar concentra-
tions of the shell precursor (Figure 2a). The PL spectra were
similar to those of the R-/S-MBA-based core-shell QDs: the PL
peak intensity strengthened with the increasing shell precursor
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concentration. The absorbance spectrum of the CsPbBr; col-
loidal dispersion injected with the 1 mm NEA shell precursor
(Figure S7, Supporting Information) was also collected. Only
two absorption peaks at 395 and 503 nm were detected which
can be assigned to n = 1 NEA,PbBr, 2D phase and CsPbBr;, re-
spectively. The PLQY values for the core CsPbBr; and core—shell
QDs with R-NEA 2D chiral shell were measured to quantitatively
compare the luminescence. The PLQY increased from 71% to
78% after the injection of the shell precursor with a concentra-
tion of 2 mm. These results confirmed that 2D cations cannot
penetrate the core, regardless of the chiral cation type, when
inorganic CsPbBr; perovskite QDs are used. Figure 2b shows
the circular dichroism (CD) spectra of the colloidal dispersion
of the core—shell chiral perovskite QDs based on the R-/S-NEA
chiral cation. As expected, a monosignate mirror-image spectra
resulting from the Cotton effect at the absorption band edge of
the shell perovskite (n =1 R-/S-NEA,PbBr,) was observed, which
is highly consistent with the previous reports.’®*! Figure S8
(Supporting Information) shows the CD and absorbance spectra
of the colloidal dispersion of the core—shell QDs prepared with
the R-/S-MBA-based shell. The CD peak intensity was lower
than that of the core-shell QDs with the NEA shell, consistent
with the previous reports.?’] Additionally, the CD spectra of
the QDs with the racemic (rac)-NEA-based 2D chiral OIHP
shells were obtained, revealing no CD signal (Figure S9, Sup-
porting Information). To quantitatively evaluate the enhanced
chiroptical activity resulting from the different 2D chiral cations,
the asymmetry factor (g-p) was calculated using the following
equation:

B CD
gep (32980 x absorbance)

1)

The CD and absorbance values were acquired from the CD and
absorbance spectra, respectively. As shown in Figure S10 (Sup-
porting Information), the local maximum values of g, around
the optical bandgap of the R-MBA and R-NEA-based 2D chiral
OIHP shells were 1.3 X 1073 and 2.1 X 1073, respectively. The en-
hanced chiroptical property of the core—shell QDs prepared with
NEA chiral cation was verified by the increased maximum g,
which was almost 1.6 times that of the MBA-cation-based core—
shell QDs.

As demonstrated in Figure 2¢,d, the core—shell QD films were
examined through magnetic conductive-probe atomic force mi-
croscopy (mCP-AFM) to investigate the spin-controlled charge
transport according to the handedness of the 2D chiral shell.
For the measurement, samples with a configuration of indium
tin oxide (ITO)/poly(3,4-ethylenedioxythiophene)polystyrene-
sulfonate (PEDOT:PSS)/core—shell chiral QD films were pre-
pared. It was confirmed that the thickness of core—shell chiral
QD film was ~50 nm by cross-sectional scanning electron
microscopy image (Figure S11, Supporting Information). Be-
fore scanning, ferromagnetic Co—Cr-coated AFM tips were
premagnetized by an external permanent magnet with opposite
directions (i.e., magnetized up or down). After the injection of
charge carriers through the ITO substrate, they were perpen-
dicularly transferred to the PEDOT:PSS hole injection layer.
When the carriers finally reached the QD films through multiple
quantum well-structured 2D chiral OIHPs, their spin states
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were aligned before they were transmitted to the magnetized
AFM tip, and anisotropic current was observed depending on
the magnetization direction of the AFM tip (Figure 2c). The
core—shell QD films with the R-NEA shell exhibited considerably
stronger current when the tip was magnetized up (44.00 nA at
2 V) than when the tip was either magnetized down (3.22 nA at
2 V) or nonmagnetized (5.77 nA at 2 V). The opposite tendency
was observed when core—shell chiral QD films with the S-NEA
shell were used (Figure 2d): the current was stronger when
the tip was magnetized down (23.25 nA at 2 V) compared with
when it was magnetized up (1.84 nA at 2 V) or nonmagnetized
(2.33 nA at 2 V). The raw data of mCP-AFM measured for 100
times for each condition are displayed in Figure S12 (Supporting
Information). Also, 95% confidence limits calculated for all
average values are demonstrated in Figure S13 (Supporting
Information). Furthermore, the rac-NEA-based core-shell chiral
QD films displayed negligible difference in current with the
magnetization direction of the Co—Cr-coated AFM tips (Figure
S14, Supporting Information). The degree of polarized spin
current, P, was calculated as

spin?
Iu - IOW[’]

Py = 2" % 100% 2)
Iup + Idown

where [, and Iy, are the current values measured when the
Co-Cr-coated AFM tips were magnetized up and down, respec-
tively. P, was calculated to be +86.49% and —81.8% for the sam-
ples prepared with CsPbBr; QDs with R- and S-NEA 2D chiral
shells, respectively. Notably, the P, value measured with the
proposed core-shell chiral QD films was higher than those of
the previous works.[?"! The enhanced P, ;, value was attributable
to the increase in the population of the spin-controlled carriers
inside the core—shell QD films.

The mCP-AFM measurements highlight the local charac-
teristics of the core-shell QD film. To demonstrate the re-
liability of the system in different regions, we constructed
CISS devices that contained a ferromagnetic Ni layer and had
a large detection area. The CISS devices had a configura-
tion of glass/Ni/Al,O,/core—shell QDs with R-/S- or rac-NEA-
based 2D chiral shell/bathocuproine (BCP)/molybdenum triox-
ide (M00O;)/Al (details can be found in the Experimental Section).
Instead of the Co—Cr-coated AFM tips, the bottom Ni layer was
premagnetized by a permanent external magnet before obtaining
the I-V curves. When the charge carriers were injected into the
magnetized Ni layer, carriers with only one spin direction could
pass through. The AL O, layer functioned as a spin tunneling
buffer layer, which helped overcome the spin injection barrier be-
tween ferromagnets and semiconductors that resulted from the
mismatch in the electrical conductivities.[*”) The BCP and MoO,
layers blocked the injection of holes and electrons from the top
Al electrode, respectively, and thus, only the spin-polarized cur-
rent injected from the bottom Ni electrode was measured. We
obtained -V curves 10 times using a CISS device with an active
area size of 10 mm? to ensure the measurement reliability. This
procedure was iterated with the Ni layer magnetized along the op-
posite direction. As shown in Figure 2e, the current magnitudes
of the R-NEA-based CISS devices at 3 V were 5.02 and 0.73 mA
when the Ni electrode was magnetized up and down, respectively.
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Figure 3. Current-voltage (I-V) curves of devices with the ITO/perovskite QDs/Au configuration, fabricated with a) CsPbBr; core QDs and b) core—
shell QDs with R-NEA-based shell. The curves were obtained in dark conditions using the SCLC method. Defect density distributions derived from TAS
measurements. The maximum peaks located at energy levels of 0.19 and 0.21 eV indicate the defect density of perovskite QDs c) without and d) with
a shell composed of 2D chiral OIHPs, respectively. e) Schematic of the mechanism of the spin-polarized charge injection as well as bromine vacancy

healing by the introduction of 2D chiral shells.

By contrast, the current magnitudes of the S-NEA-based CISS de-
vices were 0.53 and 3.45 mA at 3 V when the Ni electrode was
magnetized up and down, respectively (Figure 2f). Using these
measurements, P, was calculated to be +74.6% and —73.4%
at 3 V for the R- and S-NEA-based core—shell QD films, respec-
tively. The P, values obtained from the CISS measurements
were consistent with those derived through the mCP-AFM anal-
ysis. The CISS devices fabricated with the rac-NEA-based core—
shell QD films exhibited almost identical -V characteristics re-
gardless of the magnetization direction of the Ni layer (Figure
S15, Supporting Information). Therefore, it could be concluded
that the spin state of the injected charge carriers is effectively bi-
ased according to the handedness of the NEA-based 2D chiral
shells.

To clarify the mechanism of luminescence property enhance-
ment after the deposition of the NEA chiral shell (Figure 2a), we
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examined the electronically active defects, because the recombi-
nation of the injected charge carriers strongly depends on the
concentrations and energy levels of the defects. The trap den-
sity of the perovskite QDs before and after 2D chiral shell for-
mation was evaluated through a space-charge-limited current
(SCLC) analysis.[*I=*] To this end, devices with a configuration
of glass/ITO/perovskite QD/Au were fabricated, and their -V
curves were measured in dark conditions. As shown in Figure
3a,b, the I-V curves exhibited three regions: Ohmic, trap-filled,
and Child regions. At low voltages (i.e., the Ohmic region), the
current increased linearly with the voltage owing to an Ohmic
response. At intermediate voltages (i.e., trap-filled limit region,
TFL), the current rapidly increased in an exponential manner,
which indicated that all the available trap states were filled by the
injected carriers. The voltage between the Ohmic and trap-filled
regimes, i.e., the trap-filled limit voltage (Vi) depended on the
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Figure 4. a) Device configuration and b) band energy diagram of the prepared spin-LEDs. c) CIE 1931 chromatic coordinates of emitted green light. The
inset presents digital photo of the operating spin-LEDs. d) Left- and right-handed CP-EL spectra of spin-LEDs based on core—shell chiral QDs with an
R-NEA 2D chiral shell. ) CP-EL spectra and f) polarization degree of EL (Pcp.¢ ) of the spin-LEDs based on CsPbBr; QDs with the R-NEA 2D chiral shell.

density of the trap states. Thus, the trap density (n,,,,) was calcu-
lated asl“1=]
N
Vip, = 3
= e 6

where L is the film thickness, € is the permittivity of the per-
ovskite film, and ¢, is the vacuum permittivity. The Vi, values
associated with the CsPbBr; QDs films without and with the NEA
shell were 2.85 and 1.54 V, respectively, with the corresponding
Mypap DeiNg 2.23 x 10" and 1.19 x 107 cm™?, respectively. The ob-
tained n,,,, values were highly consistent with the reported defect
density of CsPbBr, perovskite QDs.l**] The 46% reduction in
the trap density after the formation of the NEA-based chiral shell
indicated that the NEA 2D cation successfully passivates the de-
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fects of the CsPbBr; core. Also, it should be noted that the small
satellite peaks next to each Pb 4f core level signal corresponding
to the metallic lead (Pb°) are eliminated after the injection of shell
precursor in the previously mentioned Pb 4f XPS spectra (Figure
SS5a, Supporting Information). This observation is explained by
the effective passivation of uncoordinated Pb** by the chiral or-
ganic cations after the deposition of 2D chiral shell.

To further confirm the passivation effect of the NEA shells on
the surface of the CsPbBr; QDs, we performed a temperature-
dependent admittance spectroscopy (TAS) analysis, which
is an effective tool for evaluating the defect density and en-
ergy level.*c*8 The sample devices had a configuration of
ITO/PEDOT:PSS/perovskite ~ QDs/2,2",2"-(1,3,5-benzinetriyl)-
tris(1-phenyl-1-H-benzimidazole) ~ (TPBi)/lithium  fluoride
(LiF)/Al. The capacitance spectra were obtained in dark
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conditions with a temperature range of 240-310 K and fre-
quency ranging between 0.3 MHz and 100 Hz. The energy level
of the defects, E,, was calculated as

w, (T) = EOTZeXP(_Ea/kT) (4)

where w, is the characteristic transition frequency correspond-
ing to the minima in the wdC/dw versus w graph, C is the
capacitance, o is the applied frequency, &, is the temperature-
independent parameter, k is the Boltzmann constant, and T'is the
absolute temperature. In the plot of In(w,/T,) versus 1/T, E, can
be determined as the slope of the linear regression line. Figure
S16 (Supporting Information) shows the defect energy level of
CsPDbBr,; QDs with or without the 2D chiral perovskite shell based
on the NEA cation. Both samples exhibited similar defect energy
levels (0.19-0.21 eV) that were above the valence band maximum.
The origin of such shallow defects could be attributed to the role
of bromine ion vacancies as nonradiative recombination centers.
According to a previous report on CsPbBr; QDs, bromine vacan-
cies (i.e., Vi,*) are mainly located at the surface of the QDs.[*]
The defect density, Ny, can be derived by the following equation:

Np = - =0T (5)

where Vi, is the built-in potential, g is an elementary charge,
and W is the depletion width. The values of V;; and W were ob-
tained from a Mott-Schottky analysis (Figure S17, Supporting In-
formation). The defect density distribution in the QDs exhibited
a broad spectrum with the maxima located at the defect energy
level 0f 0.19-0.21 eV regardless of the presence of the chiral shell
(Figure 3c,d). The defect density values obtained from the TAS
measurement were 4.60 X 10'® and 6.23 x 10”7 cm™ eV~ for
the CsPbBr; QDs without and with the NEA-based chiral shell,
respectively. These results suggested that the CsPbBr; QDs with
the NEA chiral shell had an explicitly lower defect density com-
pared to those without the shell. According to previous studies
on the defect density in 2D/3D heterostructured perovskite, the
defects in perovskite materials mainly consist of halide ion va-
cancies that can be effectively passivated by introducing bulky 2D
cations.’%33] Most of the 2D spacer cations are Lewis bases (i.e.,
electron donors) containing an ammonium functional group that
can bond with and/or passivate halide ion vacancies by van der
Waals interactions (Figure 3e). Hence, the enhanced lumines-
cence of the core—shell QDs likely originated from the defect pas-
sivation effect by 2D chiral organic cations, which reduced nonra-
diative recombination. These findings highlight that the forma-
tion of the NEA-based chiral shell enhances not only the chirop-
tical property of core—shell QDs compared with the MBA coun-
terpart but also the brightness of inorganic perovskite QDs.
Considering the outstanding chiroptical and electrical proper-
ties of the NEA-based core—shell chiral QDs, we fabricated spin-
LEDs with the configuration of glass/ITO/PEDOT:PSS/chiral
QDs with NEA shell/TPBi/LiF/Al (Figure 4a). Figure 4b schemat-
ically illustrates the band energy diagram of the fabricated
spin-LEDs. After the injection of electrons and holes from the
top Al and bottom ITO electrode, respectively, the TPBi layer
transferred the electrons while blocking the holes, whereas the
PEDOT:PSS layer transferred the holes and blocked the elec-
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Table 1. Performance parameters of the spin-LED fabricated with NEA-
based core—shell QDs..

Max
EL peak luminance EQE
Device type Von VI [nm] [ed m72] [%] CIE
NEA-based core-shell QDs 2.2 505 1962 5.47 (0.067,0.589)

trons. In this manner, the injected charge carriers reach 2D chiral
shell and their spin state is biased during transportation owing
to the chiral-induced spin selectivity effect. Then, they funnel
into the CsPbBr; emissive core with their spin aligned and
then radiatively recombine, generating CPL. As demonstrated
in Figure 4c, the fabricated spin-LEDs exhibited green emission
with Commission Internationale de 1'Eclairage (CIE) coordi-
nates of (0.067, 0.589). The digital photograph of the operating
spin-LEDs is presented in the inset of Figure 4c. The fabricated
spin-LEDs exhibited a turn-on voltage of 2.2 V and maximum
EQE of 5.47% (Figure S18, Supporting Information), which is
higher than those of the previous works (Table S2, Supporting
Information).?!*] The detailed performance parameters of spin-
LEDs are summarized in Table 1. The operational stability of the
spin-LEDs was also assessed by tracking luminance decay under
the constant current density at peak EQE, as illustrated in Figure
S19 (Supporting Information). It is important to emphasize that
the spin-LEDs fabricated with core-shell QDs exhibited a half-
lifetime (referred to as Ty, the time when luminance diminishes
to 50% of its initial value) of 8.3 min. This result is highly com-
parable to those of previously reported perovskite-based green
LEDs. The performance of the device prepared with 2D shell
based on achiral ligands (i.e., rac-NEA) as well as the QDs with-
out shells was also investigated. As demonstrated in Figure S20
(Supporting Information), the EQE of the devices prepared with
core—shell QDs with rac-NEA exhibited almost similar EQE value
of 5.13% with that of the device based on R-NEA-based core—shell
QDs. Meanwhile, the EQE of LEDs fabricated with CsPbBr; core
QDs was found to be slightly higher (6.51%). Higher EQE value
likely results from the absence of 2D chiral shell with the low
electrical conductivity. The CP-EL was measured by sequentially
transmitting the emitted light into a A/4 plate and linear polar-
izer system and a spectrometer and then separating it into left
and right components. Since CsPbBr; QDs with R- and S-NEA
2D chiral shells would exhibit CP-EL with opposite handedness,
it was represented as positive/negative EL (Figure 4e). The CP-EL
polarization degree, P, 5, was calculated as

Ileft - Iright

Pep_gy = x 100% 6)

Ileft + Iright
where I, and Ly, are the EL intensities of the left- and right-CP
light, respectively. Spin-LEDs based on the CsPbBr; QDs with the
NEA shell showed distinct CP-EL spectra centered at 506 nm with
the average P.p . of £12% at 480 < A < 540 nm (Figure 4e,f). The
high P;p; indicates that the core-shell structure can generate
electroluminescence with a high polarization degree. In general,
a core—shell configuration with a well-defined interface decreases
the diffusion length of the injected carriers after they pass the
CISS layer, while minimizing the spin scattering, especially at
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Figure 5. a) Digital photograph of inkjet-printed green-emitting core—shell QDs with patterns of “YONSEI” (lighting area, 30 X 8 mm?) and “Nano
Functional Materials Laboratory” (lighting area, 40 X 9 mm?) on soda lime glass under UV irradiation. b) PL spectra of the inkjet-printed YONSEI
pattern with varying rotational degrees of the linear polarizer, collected with the spectrometer under UV irradiation. c) Schematic of the process of
detection of circularly polarized light emitted from inkjet-printed core—shell QDs.

room temperature, at which the spin-dephasing time is substan-
tially limited. By contrast, the spin-LEDs prepared with rac-NEA-
based core—shell QDs did not emit any CP-EL (Figure S21, Sup-
porting Information). With the consideration of negligible CP-EL
intensity of spin-LEDs based on rac-NEA chiral shell, it can be
deduced that the resulting CP-EL spectra were rarely affected by
optical interference or instrumental errors.

To satisfy the requirements for the potential application of
spin-LEDs as a next-generation display, we examined its com-
patibility with inkjet printing, which is one of the most broadly
adapted technologies for upscaling perovskite-based optoelec-
tronic devices. For stable formation and ejection of droplets from
nozzles, the core—shell QDs were redispersed into highly viscous
1-octadecene (details of the inkjet printing process can be found
in the Experimental Section). Using the ink of the core—shell QDs
with the R-NEA 2D chiral shell, the target patterns were success-
fully printed with high uniformity, as demonstrated in Figure
5a. Microscopic fluorescence images of patterned inkjet-printed
core—shell QD arrays are also demonstrated in Figure S22 (Sup-
porting Information).

The PL spectra of the inkjet-printed QD thin films subjected
to ultraviolet (UV) irradiation were acquired using the fluores-
cence spectrophotometer (Figure 5b). The PL emission peaks
of the inkjet-printed patterns were located at ~508 nm, consis-
tent with the PL spectra of the as-prepared core-shell QD disper-
sions. Furthermore, during the measurement of PL spectra, we
placed a broadband A/4 waveplate and linear polarizer between
the patterned core—shell QD films and spectrometer to quanti-
tatively identify the polarized emission induced by the CISS ef-
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fect through the 2D chiral OIHP shell. The CPL generated from
the patterned core—shell QDs was converted to linearly polarized
light whose intensity could be controlled by the linear polarizer
(Figure 5c¢). Notably, the PL intensities of the patterned core—shell
QD decreased (the PL peak intensities decreased by ~15%) as the
rotational angle increased from 0° to 180°. These results demon-
strated that the synthesized core—shell QDs successfully gener-
ated PL with high circular polarization owing to the efficient car-
rier spin polarization capability. The change in the PL intensity
according to the rotational angle of the linear polarizer could be
visually observed (Video S1, Supporting Information). The CPL
spectrum of core—shell QD films was also collected at room tem-
perature, as demonstrated in Figure S23 (Supporting Informa-
tion). The core—shell QD films based on S-NEA chiral shell clearly
exhibited strong CPL peak with negative sign. Based on these re-
sults, we can conclude that the proposed NEA-based core—shell
QDs can serve as next-generation display with circularly polar-
ized emission capabilities.

3. Conclusions

This paper describes the fabrication of room-temperature spin-
LEDs based on core-shell heterostructured perovskite QDs.
Achiral CsPbBr; inorganic QDs prepared by the hot-injection
method were used as the emissive core. The shell consisted of 2D
chiral OIHPs, in which population of the spin-controlled charge
carriers was increased according to the handedness of the chiral
organic cation. The use of inorganic QDs promoted the forma-
tion of heterostructured perovskite QDs with a discrete boundary
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between the core and shell, which helped achieve outstanding
luminescence and spin filtering effect. Moreover, we introduced
a R-/S-NEA 2D chiral cation with high MTDM in the shell
layer surrounding the QDs. These cations exhibited a superior
chiroptical property compared with those of the conventional
R-/S-MBA counterpart. The strong spin polarization property
of the core—shell QDs was confirmed by performing mCP-AFM
and CISS device measurements. The R-/S-NEA organic cation
enhanced the luminescence property of heterostructured QDs,
increasing the PLQY from 71% (core QDs) to 78% (core—shell
QDs). This enhanced quantum yield originated from the defect
passivation by the 2D chiral cation (i.e., R-/S-NEA), as confirmed
by quantitative defect analyses based on TAS and SCLC. The
spin-LEDs fabricated with the core—shell heterostructured QDs
exhibited a maximum EQE of 5.47% and CP-EL with a Pep
of over 12% at room temperature. Finally, core-shell QD inks
were formulated for inkjet printing to fabricate various patterns.
The printed patterns exhibited strong CPL that could be detected
even with the naked eye. This research provides the basis for the
potential application of perovskite-based spin-LEDs with high
spin polarization for next-generation displays.

4. Experimental Section

Materials:  Cesium carbonate (Cs,CO3, 99.9%), lead bromide (PbBr,,
99.999%, trace metal basis), DMF (anhydrous, 99.8%), 1-octadecene (1-
ODE, 90%), ethanol (anhydrous, >99.5%), toluene (anhydrous, 99.8%),
n-hexane (anhydrous, 95%), oleic acid (OAc, 90%), oleylamine (OA, 70%,
technical grade), R-/S-MBA (98%), R-/S-NEA (98%), TPBi, LiF (>99.5%,
trace metal basis), BCP (99.99%, trace metal basis), and hydrobromic
acid (HBr, ACS reagent, 48%) were purchased from Merk (Darmstadt,
Germany). Formamidinium bromide was purchased from GreatCell solar
(Queanbeyan, Australia). PEDOT:PSS (HTL solar 3) was purchased from
Ossila (Sheffield, UK). All chemicals were used as-received, without any
modification.

Synthesis of Chiral Organic Ammonium Halide Salts: 1.2 mmol of chiral
organic amine (R-/S-MBA and R-/S-NEA) and 1.3 mmol of HBr were mixed
in 0.5 mL ethanol. After vigorous stirring for over 12 h, the solution was
fully dried at 80 °C under vacuum, yielding R-/S-MBABr and R-/S-NEABr
chiral organic ammonium salts.

Fabrication of the Core—Shell QDs:  To prepare the Cs-oleate stock solu-
tion, 0.815 g of Cs,CO; was loaded into a 100 mL 3-neck flask along with
40 mL of 1-ODE and 2.5 mL oleic acid. This flask was degassed for 1 h at
100 °C under vacuum and then heated in a N, atmosphere to 120 °C until
the Cs,CO; was fully dissolved. In a 25 mL three-necked flask, 55 mg of
PbBr, was suspended in 5 mL ODE, heated to 100 °C, and then degassed
under vacuum for 30 min. Subsequently, the reaction mixture was heated
to 110 °Cin a N, atmosphere, followed by the addition of 0.5 mL OA and
0.5 mL OAc. Once the PbBr, was fully dissolved, the solution was heated
to 180 °C. At this point, 0.8 mL of cesium oleate solution, which was pre-
heated at ~#100 °C was swiftly injected into the PbBr, solution, allowed to
react for 15 s, and then quenched with a water—ice bath. The as-prepared
solution was centrifuged at 12 000 rpm for 5 min (Combi 541R, Hanil
Scientific Inc., Gimpo, South Korea), and the supernatant was discarded.
The precipitate was redispersed in 0.5 mL hexane and then subjected to
an identical centrifugation step (12 000 rpm, 5 min). The obtained solu-
tion was diluted with 10 mL toluene and used for shell formation. The
FAPbBr; QDs were synthesized by following a previously reported ligand-
assisted reprecipitation method and then redispersed in toluene for the
shell formation.[%] To prepare the shell precursor, 0.2 mmol of R-/S-/rac-
MBABTr or R-/S-/rac-NEABr and 0.1 mmol of PbBr, were dissolved in 1 mL
DMF, followed by the syringe-based addition of 200 pL OAc and 40 uL OA.
Afterward, the shell precursor was swiftly injected into the core QD (i.e.,
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either CsPbBr; or FAPbBr;) dispersions with designated molar concen-
trations. After the injection of the shell precursor, the resulting core—shell
QD dispersions were purified by centrifuging at 12 000 rpm for 5 min and
redispersed in toluene.

Fabrication and Characterization of the Spin-LEDs: 180 nm ITO pat-
terned glass samples were cleaned by sequential sonication in deionized
water, acetone, and 2-propanol for 15 min each, followed by ultraviolet—
ozone (UVO) treatment for 15 min. After UVO treatment, the PEDOT:PSS
hole injection layer was spin-coated at 4000 rpm for 40 s in ambient con-
ditions and then annealed at 130 °C for 30 min. After the deposition of the
hole injection layer, core—shell QD solutions with varying compositions
were spin-coated at 3000 rpm for 30 s and then annealed at 70 °C for 3 min.
The samples were transferred to a thermal evaporator, and then, 45 nm
thick TPBi, 1 nm thick LiF, and 100 nm thick Al electrodes were sequentially
evaporated with deposition speeds of 0.5, 0.05, and 1A s, respectively.
The luminance (L) and EL characteristics of the spin-LEDs were measured
using a spectroradiometer (CS 2000, Konica Minolta, Tokyo, Japan). To de-
tect CP-EL, a broadband 4/4 waveplate and linear polarizer were placed be-
tween the spin-LEDs and spectrometer.[20] Left-/right-handed CP-EL was
measured through 90° rotation of the linear polarizer. The device EQE was
calculated from the L, current density (J), and EL spectra by assuming a
Lambertian emission profile.

Characterization of the Chiroptical, Structural, and Optoelectronic Proper-
ties: CD and absorbance spectra were obtained with a CD spectrometer
()-815, JASCO, Tokyo, Japan). Steady-state PL spectra of the core—shell QD
colloidal dispersions were collected with an excitation beam wavelength of
350 nm (FluoroMax Plus, Horiba, Kyoto, Japan). The CPL spectrum was
measured using CPL spectrometer (CPL-300, JASCO, Tokyo, Japan) with a
scan rate of 100 nm min~' and a pitch of 0.2 nm under 350 nm laser ex-
citation. The surface and cross-sectional structures of the samples were
acquired with field-emission scanning electron microscopy (JSM-1T500,
JEOL Ltd., Tokyo, Japan). The crystal structure of the QD films was deter-
mined using an XRD diffractometer (Rigaku Miniflex 600, The Woodlands,
USA). SCLC measurements of the spin-LEDs were obtained using a Keith-
ley 2400 source measurement unit (Keithley Instruments Inc., Cleveland,
OH, USA) in dark conditions. TEM images were obtained using a dou-
ble Cs and monochromated HRTEM unit (JEM-ARM200F NEOARM, JEOL
Ltd., Tokyo, Japan) with an accelerating voltage of 200 kV. The TAS spectra
were recorded using a frequency response analyzer (S| 1287, Solartron,
Leicester, UK) with a perturbation of 30 mV AC and frequency sweep from
0.3 MHz to 1kHz in short-circuit and dark conditions. To control the tem-
perature of the devices, a temperature-controlling stage combined with a
liquid nitrogen cooling system (LNP95, Linkam Scientific, Salfords, UK)
was used.

Characterization of the Spin Polarization Properties: mCP-AFM mea-
surements were conducted using an AFM system (SPA 400, Seiko Instru-
ments, Inc., Chiba, Japan) in ambient conditions. Co—Cr-coated MFMR-
10 tips with a force constant of 2.8 N m™' (NanoWorld, Neuchatel,
Switzerland) were used. The measurement was conducted after the pre-
magnetization of the Co-Cr-coated tips by a permanent magnet for
more than 60 min. The |-V curves of devices with the configuration of
ITO/PEDOT:PSS/core—shell QD thin films were measured by sweeping
the voltage from —2 to +2, resulting in 1024 datapoints. Moreover, the
|-V curves were repeatedly measured from 30 positions for each sample.
To confirm the results obtained by the mCP-AFM, CISS devices with a large
active area were manufactured according to the following procedure. A 50
nm thick ferromagnetic Ni layer was thermally evaporated on soda lime
glass with a deposition speed of 0.5 A s™1. Subsequently, an Al,O5 layer
with a thickness of 1.5 nm was deposited by atomic layer deposition. The
core-shell structured QDs with the R-/S-NEA 2D chiral shell were spin-
coated at 3000 rpm for 30 s onto the Al,O; layer, followed by thermal
evaporation of 50 nm thick BCP, 15 nm thick MoOs, and 100 nm thick
Al layers, with deposition speeds of 0.5, 0.1, and 1A s™, respectively. The
|-V characteristics of the prepared CISS devices were measured using a
Keithley 2400 unit (Keithley Instruments Inc., Cleveland, OH, USA) with
the sweeping voltage ranging from —3 to +3 V in dark conditions.

Inkjet Printing:  Various patterns were inkjet printed using the Dimatix
DMP-2850 device (Fujifilm, Tokyo, Japan). The cartridge was a Dimatix
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DMC-11610 with a nozzle size of 21.54 um, which generated ~10 pL
droplets. The jetting velocity was 3 m s™', and the jetting frequency was
1 kHz with a driving voltage of 30-33 V. The temperature of both the sub-
strate and nozzle was maintained at 25 °C to ensure the stable ejection of
droplets. Subsequently, the inkjet-printed QD patterns were annealed at
70 °C for 10 min.
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