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their electronic states, while softness of their crystal lattice accommodates lattice strain to maintain high crystal

quality with low defect densities, necessary for high luminescence yields. We report photoluminescence

quantum efficiencies as high as 39% and degrees of circularly polarized photoluminescence of up to 52%, at

room temperature, in the chiral layered hybrid lead-halide perovskites (R/S/Rac)-3BrMBA,Pbl, [3BrMBA = 1-(3-
bromphenyl)-ethylamine]. Using transient chiroptical spectroscopy, we explain the excellent photolumines-

cence yields from suppression of nonradiative loss channels and high rates of radiative recombination. We

further find that photoexcitations show polarization lifetimes that exceed the time scales of radiative decays,

which rationalize the high degrees of polarized luminescence. Our findings pave the way toward high-perfor-

mance solution-processed photonic systems for chiroptical applications and chiral-spintronic logic at room

temperature.

INTRODUCTION

Chiral semiconductors offer fascinating opportunities for the
design of electronic state dissymmetry and spin-orbit coupling
(SOC), which underpin exciting spintronic and optoelectronic ap-
plications, such as circular polarized light-emitting diodes (LEDs)
or chirality-induced spin selectivity (CISS) spin-filters (I-5). The
generation of bright circularly polarized luminescence (CPL) is a
long-standing objective in material science (6—10). The required
chiral, distorted crystal structures may lead to defects and nonradia-
tive losses in some inorganic materials (11, 12), while the brightness
of structurally versatile, chiral molecular semiconductors suffer
from populations of dark triplet excitons. CISS effects enable selec-
tive spin injection into materials in the absence of magnetic fields or
external spin-selective layers, thereby greatly expanding approaches
to advanced spintronic applications (5, 13, 14). Despite this techno-
logical and scientific interest, inducing large degrees of structural
chirality typically limits opto-electronic performance in current
material systems.

Hybrid metal-halide perovskite (HMHP) semiconductors are at-
tractive optoelectronic materials, which hold promise for applica-
tion as solar cells, photodetectors, lasers, and perovskite LEDs
(PeLEDs). The class of two-dimensional (2D) layered HMHPs
shows strong quantum confinement and excitonic states, which

‘Physikalisch»Chemisches Institut, Universitat Heidelberg, Im Neuenheimer Feld
229, 69120 Heidelberg, Germany. Walter Schottky Institute and Physics Depart-
ment, Technical University of Munich, Am Coulombwall 4, 85748 Garching,
Germany. 3Univ Rennes, ENSCR, INSA Rennes, CNRS, ISCR (Institut des Sciences Chi-
miques de Rennes)—UMR 6226, F-35000 Rennes, France. “Rowland Institute,
Harvard University, Cambridge, MA 02142, USA. 5Catalysis Research Center and
Chemistry Department, Technical University of Munich, Lichtenbergstralle 4,
85748 Garching, Germany. ®Institute of Microstructure Technology, Karlsruhe Insti-
tute of Technology, 76344 Eggenstein-Leopoldshafen, Germany. ’Light Technolo-
gy Institute, Karlsruhe Institute of Technology, 76131 Karlsruhe, Germany. ®Univ
Rennes, INSA Rennes, CNRS, Institut FOTON—UMR 6082, F-35000 Rennes, France.
*Corresponding author. Email: deschler@uni-heidelberg.de

Liu et al., Sci. Adv. 9, eadh5083 (2023) 1 September 2023

have garnered intense research attention (15). Furthermore, 2D
HMHPs feature compositional and structural diversity, which
make them attractive platforms for multifunctional materials exhib-
iting, for example, piezoelectricity, ferroelectricity, magnetic prop-
erties, and chirality (5, 16—19). However, it remains a substantial
challenge to preserve the efficient optical properties of HMHPs,
while also introducing additional functionalities from large and/
or geometrically complicated organic molecules, which could
limit their practical applications.

In chiral layered HMHPs, the use of chiral molecules as organic
cations transfers chirality into the metal-halide sublattice (20-24),
which forms chiral crystal structures with highly distorted octahe-
dral frameworks of the Sohncke space groups. Such structures have
shown chiroptical properties, including circular dichroism (CD)
and circularly polarized photoluminescence (CPL) (17, 20, 25).
HMHPs further show strong SOC, large Rashba splitting, and
long polarization lifetimes (26), which make them suitable materials
for spintronic applications. Applications based on bright chiral pe-
rovskites would benefit from intrinsic characteristics of spin state
manipulation and readout, such as low energy consumption and
high memory density (13). Chiral perovskites with efficient
carrier spin polarization due to their asymmetric chiral structures
have already successfully led to spin-LEDs or circularly polarized
light detectors (5, 27). However, layered 2D HMHPs usually
exhibit low photoluminescence quantum efficiency (PLQE) values
at room temperature, and recent work on chiral layered HMHPs
found that using chiral organic cations further decreased the
PLQE (20), indicating strong losses from nonradiative
recombination.

Here, we report on the structural and chiroptical properties of
the, to the best of our knowledge, previously unknown chiral
layered HMHP (R/S)-3BrMBA,Pbl, [3BrMBA = 1-(3-bromphen-
yl)-ethylamine]. We use single-crystal x-ray diffraction (SCXRD)
to resolve chiral crystal structures. PL quantum efficiency
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measurements show remarkably high values of up to 39%, at room
temperature. Optical measurements show a large degree of CPL of
up to ~50% upon linear excitation and strong CD signals at the ab-
sorption band position. We study excitation dynamics and decay
channels with transient absorption (TA) spectroscopy, which
show fast decays that indicate efficient radiative recombination. Cir-
cularly polarized TA (CTA) measurements further confirm that po-
larization lifetimes are far longer than the radiative PL lifetimes,
which results in the high degree of CPL.

To the best of our knowledge, no bulk semiconductor has shown
such high PLQE and degree of PL polarization at room temperature
simultaneously (table S1) (16, 20, 25, 28-33). Our demonstration of
how organic cation engineering can be used for fabrication of high-
performance chiral layered HMHPs opens up exciting strategies for
hybrid chiral semiconductors and opportunities for the design of
chiroptical photonic and spintronic applications.

RESULTS AND DISCUSSION

Chirality transfer in the (S/R)-3BrMBA,Pbl, crystal lattice
We prepared lead-halide perovskite single crystals via hydrothermal
synthesis with controlled cooling (see Materials and Methods for
details). SCXRD was performed to obtain the crystal structures
for chiral (S/R) and racemic (Rac)-3BrMBA,Pbl, (Fig. 1, A and
B). Both materials acquire a 2D layered perovskite structure in
which inorganic corner-sharing [Pbl,]*~ octahedra monolayers
are sandwiched between two organic amine layers (see detailed
crystallographic information in table S2). Single-crystal structure
analysis confirms that introducing the chiral organic cations
(Fig. 1C) into the 2D perovskite framework results in the formation
of a chiral crystal structure for (S)-3BrMBA,Pbl,, which crystallizes
in the non-centrosymmetric Sohncke space group P 2;. In contrast,
Rac-3BrMBA,Pbl, crystallizes in the centrosymmetric P 2,/c space
group. We take this as evidence for chirality transfer from chiral
organic cations to the perovskite network. Furthermore, analysis
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of the bond length distortion index (D) and bond angle variance
degree (0°) quantifies the average distortion degree of the perovskite
octahedron (detailed calculations in table S3) (24, 34), which both
would be zero with perfect O, symmetry. Compared to the racemic
sample (D = 0.006, o* = 20.87), chiral (S)-3BrMBA,Pbl, shows a
twofold increase of the distortion index D (0.012) and a higher
angle variance value of 31.91. These are larger values compared
to other reported chiral 2D lead-iodide perovskites, ~20 for
(S)-MBA,Pbl,, and ~13 for (S)-4BrMBA,Pbl, (16, 35), which may
lead to high polarization results in chiral 3BrMBA,Pbl,. We further
consider that the relevant structural descriptor for the Rashba effect
in chiral structures is the in-plane interoctahedral distortion angle 3
(Pb-I-Pb bond angle) disparity AP = Pax — Bmin (vide infra) (35).
The B angle is equal to 149.7° in the crystallographic structure of
Rac-3BrMBA,Pbl,. While B does not have a single value in chiral
structures, the minimum value B,;, = 141.3° is smaller than the
value in the racemic structure (table S3). This difference is indicative
of larger local distortions in the structure of (S)-3BrMBA,Pbl,. We
find a minimum value of B,,;, = 141.3° for the in-plane interocta-
hedral distortion angle B in the crystallographic structure of
(S)-3BrMBA,Pbl,, while a larger value B,,;, = 148.2° is obtained for
the crystallographic structure of (S)-4BrMBA,Pbl,.

We fabricated polycrystalline thin films by spin coating for
optical spectroscopy experiments. The precursor solution was pre-
pared by dissolving the as-synthesized perovskite crystals or
powders in N,N'-dimethylformamide (DMF). The XRD data from
perovskite thin films agree with the simulated patterns from SCXRD
(Fig. 1D), indicating successful transfer of single-crystal structures
to thin films. Experimental XRD further confirms that both (R)-
and (S)-3BrMBA,Pbl, have similar crystal structures with compa-
rable diffraction patterns (Fig. 1D), as discussed in a previous work
(23). Compared with the enantiomeric chiral variants, Rac-
3BrMBA,PbI, shows a similar diffraction pattern, except for the
disappearance of (025) and (135) reflections at the diffractions of
33° and 42°. We checked these two missing reflexes in SCXRD
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Fig. 1. Structure of layered (S/Rac)-3BrMBA,Pbl, perovskites. (A and B) Crystal structure of (S)-3BrMBA,Pbl, and Rac-3BrMBA,Pbl, single-crystal structures. (C) Chem-
ical structures of chiral organic enantiomers (R/S)-3BrMBA. (D) XRD patterns of chiral (R/S)-3BrMBA,Pbl, and Rac-3BrMBA,Pbl, thin films. Compared with racemic cations,
chiral spacer cations (R/S)-3BrMBA induce structure distortions in the orientation of organic spacers, as well as in inorganic layers, resulting in chiral crystal lattices. a.u.,

arbitrary units.
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results and found both of them to exist in chiral and racemic single
crystals. Thus, we tentatively attribute their disappearance in
racemic spin-coated film samples to recrystallization processes
from single crystals to thin films, which exhibit preferred orienta-
tions. The diffraction patterns simulated from SCXRD results also
show that there are clear peak shifts between chiral perovskite and
racemic samples (fig. S1), indicating that the chirality changes and
structure distortions mainly occur along (001) and (110) planes.

Steady-state chiroptical characterization
Steady-state linear absorption spectra of chiral (R)- and (S)-
3BrMBA,Pbl, show an excitonic band at 488 nm, while racemic
samples have a red-shifted excitonic resonance at 500 nm
(Fig. 2A). Compared to reported chiral perovskites (24, 25, 34),
this blue shift (~60 meV) between the chiral and their racemic
analogs reflects the stronger structural distortion induced by
chiral organic cations in our chiral perovskites. We then performed
CD measurements on the chiral variants, which indicate that chiral
structural features are transferred to the electronic states of (R)- and
(S)-3BrMBA,Pbl,, with clear opposite CD signals from 300 to 550
nm, which are not found for racemic samples (Fig. 2B). The similar
trend was also found in their absorption anisotropy factor plots (fig.
S2). The highest CD values of our chiral perovskites are located at
the excitonic absorption peak position. This result agrees with the
Neumann-Curie principle (36, 37), which predicts that our perov-
skite materials, which have chiral crystal structures and belong to
Sohncke space groups, will exhibit chiral optical properties.
Having established the optical absorption characteristics, we
performed PL spectroscopy measurements on our chiral and

A B

racemic perovskite thin films at room temperature (Fig. 2C).
Chiral (R/S)-3BrMBA,Pbl, show similar PL features, with a
sharp excitonic emission at ~496 nm, while the PL peak of
Rac-3BrMBA,Pbl, is located at ~508 nm. All peaks are slightly
(~40 meV) red-shifted compared to their corresponding absorption
spectra. We attribute this effect to different values of Stokes shift,
which is likely to differ for materials with different levels of lattice
strain and has been widely observed and reported in metal-
halide perovskite materials (38). The signal from (R)- and
(S)-3BrMBA,Pbl, films (Fig. 2C) is comparable, while the PL inten-
sity of Rac-3BrMBA,Pbl, sample is higher than the chiral samples.
Upon 405-nm excitation with a fluence of 132.7 mW/cm? (details in
Materials and Methods), we find a PLQE value of 19% (+5%) for
chiral 2D perovskite thin films and a value of 39% (+4%) for
single crystals. This high PLQE value indicates strong radiative re-
combination channels in our chiral 2D perovskites, which is an un-
expected result for chiral 2D perovskites with symmetry-broken
structures (20).

We then performed circularly polarized PL measurements at
room temperature on flat single-crystal samples (fig. S3). To avoid
the injection of polarized states from circularly polarized excitation,
we photoexcited the samples with a linearly polarized laser at a
wavelength of 405 nm, passed the generated emission through a
quarter waveplate, a Wollaston prism, to separate right- and left-
handed circularly polarized emission, a 45° linear polarizer and
into the spectrometer/camera system. Right-handed and left-
handed emissions were simultaneously collected in different
regions of the camera array (details in Materials and Methods).
We collected CPL spectra for (R)-, Rac-, and (S)-3BrMBA,Pbl,
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Fig. 2. Comparison of optical properties for chiral (R/S)-3BrMBA,Pbl, and Rac-3BrMBA,Pbl,. (A) Linear absorption, (B) CD, and (C) linear PL spectra of chiral layered
Ruddlesden-Popper hybrid perovskite thin films. (D to F) Circularly polarized PL (CPL) spectra of (R/S)-3BrMBA,Pbl, and Rac-3BrMBA,Pbl, single crystals at room tem-
perature. Chiral (R)- and (S)-3BrMBA,Pbl, show similar linear optical features but with opposite CD signals, while the racemic sample shows no CD signals and is char-
acterized by red-shifted absorption and PL bands. CPL results were obtained under linear excitation at 405 nm, and 6" and ¢~ signals were detected simultaneously on
different regions of the detector. Chiral (R) and (S) crystals exhibit opposite CPL signals, while racemic samples show identical 6* and 0~ signals, confirming that crystal

chirality induces chiroptical properties.
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single-crystal samples (Fig. 2, D, E, and F), where each spectrum
plot is the average result from five different spots on the crystal.
We find stark differences between the spectra of right-handed and
left-handed detection channels. (R)- and (S)-3BrMBA,Pbl, crystals
show opposite intensity differences for left/right-handed CPL, in
agreement with their CD absorption signals. In contrast, Rac-
3BrMBA,PbI, crystals show no detectable difference in PL intensity
between right-handed and left-handed detection channels. We also
show the PL intensity difference between right-handed and left-
handed detections for all three samples (fig. S4). We find that the
intensity differences for chiral (R) and (S) samples cover a broad
wavelength range from 480 to 600 nm. Such broad CPL signals
are also found in other chiral perovskites (16, 28, 39, 40), which
may derive from strong electron-phonon interaction in low-dimen-
sional perovskites. Quantitatively, the degrees of polarization of
CPL can be expressed as

Iot — Is-

Iyr + I~

where I;.and I;- are the integrated PL spectral intensities with right-
handed and left-handed detectors, respectively. The calculated Pcpy,
of chiral (R)- and (S)-3BrMBA,Pbl, crystals at room temperature
are ~52 and ~34%, respectively, which is five times larger than pre-
viously reported best values for the chiral 2D perovskite (R)-
4BrMBA,PbI, (16). We postulate that the different Pcpy values
for (R) and (S) samples may be caused by the different amounts
of chiral enantiomers of these chiral crystals, which may relate to
the ratio of enantiomers (~98.0%) inside chiral organic precursors
that we used to grow single-crystal samples. We find support for this
hypothesis from the Flack parameter in our crystal refinement,
which indicates enantiomeric purity around 95%. No detectable

Pcpp =

CPL polarization was found in our setup for the MAPbBr; or
Rac-3BrMBA,Pbl, reference samples (fig. S5), as expected.
Notably, the full width at half maximum (FWHM) of the CPL
spectra is ~150 meV for all three crystal samples, which is a slightly
larger value than that of corresponding linear PL spectra (~140
meV) collected from spin-coated thin films. We attribute this
small difference to weak emission from a dark state below
bandgap, which is more readily detected in single-crystal samples
(fig. S6) (41). We also extracted the g, and g, at band edge po-
sitions from our CD and CPL measurements. We find that the g,
value (~0.0004) is much smaller than the obtained gy, value
(~0.95; details of calculations are in the Supplementary Materials),
which provides further evidence that the CPL result does not exclu-
sively originate in the preferred absorption of one kind of circular
polarized light, as demonstrated in the CD measurements.

We further compared the CPL results between linear excitations
and circularly polarized excitations (fig. S7). Under right-handed
excitation, compared to linear excitation, we observed a slight in-
crease of PL polarizations for chiral (R) samples and a small de-
crease of PL polarizations for (S) samples, which should relate to
the generation of right-handed polarized states due to right-
handed excitations. In addition, racemic samples show a slightly
right-handed polarized state after right-handed excitations. These
results show that the dominant polarization should originate from
the intrinsic structure distortion of chiral perovskites rather than
extrinsic injection of polarized photoexcitations. To understand
the electron-phonon interaction in our chiral perovskites, we per-
formed PL and CPL measurements on chiral perovskite samples
at cryogenic temperatures (fig. S8). We find an increase in PL inten-
sity and a large decrease of PL FWHM from ~150 meV at room tem-
perature to ~28 meV at 4 K (fig. S8A), indicating a strong electron-
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Fig. 3. Charge carrier dynamics of chiral perovskite thin films. (A and D) Linearly polarized TA maps, (B and E) time-resolved differential transmission spectra, (C)
recombination kinetics collected at the GSB regions, and (F) TCSPC kinetics of (R)-3BrMBA,Pbl, and (R)-4BrMBA,Pbl, thin films, respectively. TA spectra were collected
under 385-nm excitation with a pump fluence of ~1 p/cm?, while TCSPC measurements were performed with photoexcitation at 405 nm and excitation fluence of ~10

w/em?,
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phonon coupling in our chiral perovskites (16). Furthermore, there
is another broad PL feature emerging at higher wavelength position,
which we tentatively attribute to a trapped exciton. When we cooled
down the chiral perovskite to 4 K, increased intensity differences
between left-handed and right-handed PL detections were observed
at free exciton position (Pcpy, = ~60%; fig. S8B). On the basis of the
results above, we conclude that our chiral 3BrMBA,PbI, materials
show PLQE and Pcp; values that are one order of magnitude larger
than in previously reported chiral semiconductor materials (16, 42).

Characterization of excitation dynamics and radiative
recombination

To resolve the mechanisms behind the bright PLQE and high degree
of CPL of our chiral 2D perovskites, we investigated the excitation
and relaxation dynamics via TA spectroscopy. TA color maps ob-
tained from (R)-3BrMBA,Pbl, and (R)-4BrMBA,Pbl, spin-
coated films (Fig. 3, A and D), using an excitation wavelength of
385 nm and fluence of ~1 pJ/cm®, show ground state bleach
(GSB) signals near the absorption edge, along with two photoin-
duced absorption (PIA) signals on either side of the GSB (43).
The spectral and temporal evolutions of the TA spectra up to 2 ns
are presented in Fig. 3 (B and E). We note that the TA signals of
(R)-3BrMBA,Pbl, are blue-shifted compared to those of
(R)-4BrMBA,Pbl,. This effect is ascribed to a higher degree of
structural distortion in (R)-3BrMBA cations (44), in agreement
with the steady-state absorption and PL spectra (fig. S9). Further-
more, we note that the CD signals obtained from (R)-4BrMBA,Pbl,
spin-coated films are smaller than (R)-3BrMBA,Pbl, samples (fig.
§10). The grain sizes of (R)-3BrMBA,Pbl, and (R)-4BrMBA,Pbl,
films are similar to each other (fig. S11), but (R)-3BrMBA,Pbl,
films show more homogeneous surface structures and different
crystallization orientations, which may also influence their chirality
and optical features. We find that the TA decay in the GSB regions
of (R)-3BrMBA,PbI, is faster than that of (R)-4BrMBA,PbI,
(Fig. 3C). To quantify decay rates, a tetraexponential decay function
was used (detailed fit results in table S4). We find that the main
reason for the faster decay lifetime of (R)-3BrMBA,Pbl, is a sup-
pressed population of a nonradiative decay channel. For both
(R)-3BrMBA,PbI, and (R)-4BrMBA,Pbl,, the fitted nonradiative
decay lifetime (T4, is ~1700 ps, which suggests that some loss
channels still remain, likely from defect states. However, the nor-
malized amplitude of the nonradiative decay channel of (R)-
3BrMBA,Pbl, is only ~8%, which is three times smaller than that
of the reference material (R)-4BrMBA,Pbl, (~21%). We count this
as the key mechanism underpinning the high PLQE value of (R)-
3BrMBA,Pbl, samples. Fluence-dependent TA kinetics indicate
that the nonradiative decay can be further reduced to ~6% with in-
creased fluence (fig. S12A).

Figure 3F shows the time-correlated single-photon counting
(TCSPC) kinetic plots of (R)-3BrMBA,Pbl, and (R)-4BrMBA,Pbl,
thin films (excitation at 405 nm, ~10 pJ/ cm?). The PL decay kinetics
for each sample are extracted at the excitonic PL peak position and
are found to be nearly identical. For both materials, the PL kinetics
fit well to a monoexponential decay with a fitted lifetime of ~300 ps.
While this may be unexpected considering the higher PLQE for (R)-
3BrMBA,Pbl,, it is important to note that the PL decay only detects
bright radiative recombination channels, while TA dynamics probe
the kinetics of all photocarriers, including nonradiative decays (45)
from dark or defect states in our 2D chiral perovskites. Thus, we

Liu et al., Sci. Adv. 9, eadh5083 (2023) 1 September 2023

attribute the observed differences in TA and PL kinetics to suppres-
sion of excitation transfer into dark states in (R)-3BrMBA,PbI,,
which limits PLQEs in the reference (R)-4BrMBA,Pbl, materials.
In addition, the absolute TCSPC intensity over the same acquisition
times also indicates three times brighter emission in
(R)-3BrMBA,PbI, (fig. S13), which is consistent with the ratios of
nonradiative decay that we observed from TA kinetics. Further-
more, TCSPC measurements show that the PL decay kinetics of
chiral and racemic samples are similar (fig. S14).

Fluence-dependent TCSPC measurements (fig. S12B) indicate
that the PL lifetime gradually decreases with increased fluence
and then stabilizes beyond ~10 uJ/cm? which is consistent with
our TA results. Generally, low fluence would result in more domi-
nant effects from the population of dark states with slower decay
rates, which increase the probability of nonradiative decay.
Furthermore, such long-lived dark-state TA signals for both
(R)-3BrMBA,Pbl, and (R)-4BrMBA,Pbl, persist for as long as a
few microseconds, which we find in long-time TA spectroscopy
(fig. S15). From the results above, we conclude that our cation en-
gineering approach in chiral 3BrMBA,Pbl, reduces the population
of dark states, which results in fast radiative emission that maintains
circular polarization.

A tentative explanation for the reduction of nonradiative pro-
cesses in (R)-3BrMBA,Pbl, compared to (R)-4BrMBA,Pbl, can
be proposed on the basis of inspection of the structural distortions
in the crystallographic structures of (S)-3BrMBA,Pbl, and (S)-
4BrMBA,Pbl,. The B angle disparity AR = Puax — Pmin is larger in
(S)-3BrMBA,PbI, (AP = 11.9°) than in (S)-4BrMBA,PbI, (AP =
8.9°), which is a necessary condition to obtain a larger polar distor-
tion and, in turn, a larger Rashba effect (vide infra) (35), and further
explains the higher degree of CPL that we obtained in chiral
3BrMBA,Pbl,. However, the 3 angle is homogeneously distributed
in the crystallographic structure of (S)-3BrMBA,Pbl,, taking only
two distinct values (B, = 141.3° and Bax = 153.2°). By compari-
son, the B angle takes six different values in the crystallographic
structure of (S)-4BrMBA,Pbl,, spread between 148.2° and 157.5°
and is changing from one perovskite layer to the other. These struc-
tural differences suggest that larger microstrain effects might be the
origin of enhanced nonradiative processes in chiral 4BrMBA,Pbl,.

Time-resolved spin-polarization results

To investigate the origin of the remarkably high degree of CPL at
room temperature, we performed CTA spectroscopy. For this, we
controlled the circular polarizations of pump and probe beams
with linear polarizers and quarter waveplates. CTA spectra collected
from (R)-3BrMBA,Pbl,, for all four polarized pump-probe config-
urations, at indicated delay times, are shown in Fig. 4A. The evolu-
tion of the CTA spectra up to 7200 ps is presented in fig. S16 (A to
E). Following excitation with ¢* or 6~ photons at 385 nm (fluence,
~2.5 pJ/cm?), a clear intensity difference is observed when probing
(R)-3BrMBA,Pbl, with 6" and o~ photons. This difference is most
pronounced in the PIA regions, at all delay times, which confirms
the persistence of long-lived polarized photoexcitations. Thus, we
extracted the decay and polarization kinetics at the PIA spectral
regions (gray regions in Fig. 4A). Compared to the counterpolarized
pump-probe configuration, the TA signals with copolarized config-
urations always show higher intensities (Fig. 4B), as expected (46,
47). However, in nonchiral systems measured in copolarized TA
configurations, signals from co- and counterpolarized pump-
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Fig. 4. CTA spectroscopy of chiral (R)-3BrMBA,Pbl, perovskites, under 385-nm excitation with a pump fluence of ~2.5 wJ/cm? (nanosecond regime) and ~50 pJ/
cm? (microsecond regime). (A and B) CTA spectra and kinetics showing the difference between four circularly polarized configurations. The different polarizations of
pump and probe pulses are indicated o™ (right-handed) or o~ (left-handed). The spectra shown in (A) are averaged over the initial 10 ps. Decay kinetics are extracted over
the gray spectral range in (A), and the polarization relaxation kinetics between black and red curves are calculated and plotted as blue triangles. (C) Comparison of TA
kinetics with linear pump and circularly polarized probes showing net circular polarization. (D) Long-term CTA kinetics obtained from the PIA region between 490 and 510
nm. At room temperature, chiral (R)-3BrMBA,Pbl, shows different depolarization kinetics for c* and o~ states, even under linear polarization of optical excitation.

probe display the same depolarization kinetics (43). Unexpectedly,
for our chiral (R)-3BrMBA,Pbl,, signals from co- and counterpo-
larized pump-probe configurations show different depolarization
kinetics and TA signals, with 6"-0" pump-probe exhibiting higher
intensities.

We find that the signals for copolarized configurations show
higher initial TA intensities around time zero, as well as slower re-
combination rates during the first picoseconds, than signals for
counterpolarized configurations (fig. S17A), i.e., the net polariza-
tion of the excitation population increases. This can be understood
by considering that, in addition to the polarized states generated
from circularly polarized photoexcitations, the chirality of the pe-
rovskite would initially produce more strongly polarized states, ac-
cording to D'yakonov-Perel mechanisms (48) due to the highly
distorted structures with broken inversion symmetry. To quantify
these effects, we thus calculate the associated degree of polarization
(Pcra) and plot the depolarization kinetics as blue triangles in
Fig. 4B. In particular, the degrees of CTA polarization were deter-
mined by the following equation

AT/ Tcounter _ AT/ Tco
AT/ Tcounter =+ AT/ Tco

where AT/Tcounter and AT/ T, are the TA signals with counter- and
copolarized configurations, respectively. Around time zero, the
degree of polarization of (R)-3BrMBA,PbI, shows a positive
signal, starting from a level of ~10% and gradually increases over

Pcra =

Liu et al., Sci. Adv. 9, eadh5083 (2023) 1 September 2023

the first picoseconds to 45%. The degree of polarization then
decays over the next 100 ps and finally stabilizes at ~20% until the
end of our detection range (7200 ps).

To further investigate the polarization dynamics of the photoex-
citations, we applied a linearly polarized pump to excite the chiral
perovskites and then detected the TA signals with circularly polar-
ized probes. As shown in Fig. 4C, the chiral (R)-3BrMBA,Pbl, ma-
terials exhibit different decay kinetics for 6 and o~ probes. The
degree of polarization for 6" and o~ probe starts from 0% at time
zero and increases to the maximum positive value of ~17% during
the initial 1 ps, after which it decays to ~10% at 7200 ps. This in-
crease in the polarization after time zero indicates that in chiral
(R)-3BrMBA,Pbl,, the decay of excited states with 0" symmetry is
slower than that for o~ symmetry (fig. S17B). Consistent
with the CPL results, opposite chirality features of (R)- and
(S)-3BrMBA,Pbl, result in reversed signals in linear pump-o* and
pump-o~ probe TA kinetics. Furthermore, we also performed CTA
spectroscopy measurements on chiral (S)-3BrMBA,Pbl, samples
with linear pump and circularly polarized probes, which confirm
that the dominant population of photoexcited states in chiral (S)-
3BrMBA,Pbl, show negative values for the degree of CTA polariza-
tion (fig. S19).

We note that the highest degree of TA polarization under linear
excitation is smaller than the degree of CPL (~52%). This apparent
difference arises because PL only detects the bright states, while TA
collects the signals from all states, including both bright and dark
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states, as discussed above. Combining the measured CPL degree of
~52% and the PLQE value of 39% of our chiral perovskites, the es-
timated degree of polarization of all states is ~20% (PLQE x CPL
degree), which is in agreement with the degree of TA polarization
that we measured (Fig. 4C). We take this as an indication that the
polarized states of chiral perovskites are predominantly derived
from bright states.

As the degrees of polarization for chiral perovskites (R)-
3BrMBA,Pbl, samples do not converge to zero at the limit of our
short-term TA measurements (7200 ps), we further used
CTA measurements up to microsecond time delays on chiral
(R)-3BrMBA,Pbl, and plotted their kinetics in Fig. 4D (corre-
sponding spectra in fig. S16F). Under circularly polarized excitation
at 385 nm, the difference between co- and counterpolarized TA
signals persists for as long as 2 ps. This microsecond polarization
lifetime in our materials is, to the best of our knowledge, the
longest value observed in lead-halide perovskite systems (46, 49).
Together, the intrinsic polarized states associated with the distorted
crystal structures and the long-lived chirality-dependent polarized
excitons in chiral perovskites, which persist even longer than their
fast PL decay lifetime (Fig. 3F), explain the high and efficient CPL
results at room temperature.

Electronic structure results from first-principles
calculations
Additional insight is provided by investigation of the electronic
structure of Rac- and (S)-3BrMBA,Pbl, by means of density func-
tional theory (DFT)-based calculations. The band structure of the
racemic compound (Fig. 5A and fig. S20) shows a direct bandgap at
the Y point in the Brillouin zone, as well as the well-known charac-
teristics of layered metal-halide perovskites, i.e., large dispersion in
the perovskite plane and flat bands along the stacking axis (band-
width smaller than 1 meV) (50, 51). The valence band maximum
(VBM) is composed primarily of iodine 5p orbitals with lead 6s
contributions, while the conduction band minimum (CBM) is
dominated by lead 6p orbitals with small contributions from
iodine 5p (Fig. 5B and fig. S21).

When moving to (S)-3BrMBA,Pbl,, the main features of the
band structure are preserved (Fig. 5C and fig. S22). However,

A Rac-3BrMBA,Pbl,
3 i
2 .
= me; =0.06m
2
3 11 171ev
9]
= )
. &
0 my, =-0.12m, §
—1-
Ao Y c Zz

important differences can also be observed, such as the opening
of the bandgap by 80 meV as a result of larger structural distortion
(vide supra), which is consistent with the experimentally observed
blue shift in absorption and PL spectra. The band structure of (S)-
3BrMBA,Pbl, (Fig. 5C and fig. S22) reveals the splitting of the con-
duction bands induced by the Rashba coupling, which arises from
the loss of centrosymmetry and the large SOC in lead- and iodine-
based compounds (52). However, because the polar axis of the
structure is perpendicular to the stacking axis, the coupling is in-
complete and the splitting can be observed only in one direction
(B-A), while it is dispersionless in the other direction (B-T; figs.
S22 and $23) (53). This results in a special spin texture, where the
spin orientation remains constant in each half-plane of the Brillouin
zone (Fig. 5D). We also note that, because of the presence of
the in-plane polar axis in the crystallographic structure of
(S)-3BrMBA,Pbl,, the spin degeneracy is recovered along the B-D
line. Therefore, a perfect CD resulting from isotropic in-plane spin-
splitting is not expected and might be at the origin of a maximum
CPL below 100%.

In the valence band, the effect is weak with a shift of the VBM in
k-space, kg, smaller than 0.01 A™" and an energy splitting of 0.50
meV, leading to the Rashba parameter oy = 0.08 eV-A (see fig.
S23 for notations). The effect is much larger in the conduction
band, with a large displacement of the CBM away from the B
point (0.02 A™') and a 75-meV splitting, thus yielding a large
Rashba parameter of acpy = 2.21 eV-A, which compares well
with previously computed parameters in lead-iodide perovskites
(14). This much larger Rashba effect in the conduction band, com-
pared to valence band, may also explain the larger difference
between their gj,, and gups values. We note that such a large com-
puted Rashba parameter is consistent with the strong B angle dis-
parity in the structure of (S)-3BrMBA,Pbl, (AP = 11.9°), which
falls in the category of compounds with AP > 11° exhibiting sizeable
spin-splitting (35).

Last, we compare the electronic structures of Rac- and (S)-
3BrMBA,PbI, with the ones of the Rac- and (S)-4BrMBA,Pbl,
compounds (fig. S24). The band structures of the 4BrMBA-based
perovskites present the same features, with a direct bandgap for
the racemic compound that becomes slightly indirect for the (S)

c (S)-3BrMBA,Pbl, D Spin texture
34 ———
Inner branch
21 rm

=1
me=0.07m,

1.79 eV

Energy (eV)

Outer branch

Ty

my,=-0.17mq

A B D

Fig. 5. Electronic structure of layered (Rac/S)-3BrMBA,Pbl, perovskites. (A and C) DFT computed band structures of Rac-3BrMBA,Pbl, and (S)-3BrMBA,Pbl,, respec-
tively. In-plane hole (my,) and electron (m) effective masses are computed at the valence and conduction band edges. (B) Partial charge density taken at the VBM and
CBM. (D) Spin textures computed for the (S) structure in the (k,, k,) plane for the inner and outer branches of the conduction bands.
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structure because of the same incomplete Rashba splitting observed
in the CBM and VBM. With respect to (S)-3BrMBA,Pbl,, the cou-
pling is one order of magnitude stronger in the valence bands but
remains small with oy = 0.82 eV-A and much smaller at the con-
duction bands with acgy = 0.64 eV-A. As mentioned above, (S)-
4BrMBA,Pbl, exhibits a smaller B angle disparity (AP = 8.9°)
than (S)-3BrMBA,Pbl,, leading, in principle, to a less favorable sit-
uation for spin-based properties. Moreover, the enhanced micro-
strain in the structure may trigger larger nonradiative processes.
Compared to the reference samples (R)-4BrMBA,Pbl,, the
exciton peak position of the chiral (R)-3BrMBA,Pbl, samples
shows a small shift (~40 meV) in absorption spectra (fig. S9). The
calculated bandgap of (R)-3BrMBA,Pbl, is larger than for (R)-
4BrMBA,Pbl, (~120 meV; fig S24), thus indicating the increase
of net exciton binding energy by ~80 meV. With the reported
binding energy of (R)-4BrMBA,Pbl, being ~170 meV (16), we con-
clude that the observed variation of exciton binding energies will
only have a very small effect on their recombination dynamics (54).

To elucidate the origin of our high PLQE and degree of CPL
values of chiral (R)-3BrMBA,Pbl, samples, we used identical fabri-
cation methods to prepare related chiral 2D perovskite single crys-
tals and thin films for comparison, such as the highly reported (R)-
MBA,Pbl,, i.e., without the Br functional group, (R)-4BrMBA,Pbl,
and (R)-2BrMBAPbI; with the Br in para or ortho position, and
(R)-3CIMBA,Pbl, with CI to compare for changes in halide type
and position on the aromatic rings. None of these show comparable
performance features as chiral (R)-3BrMBA,Pbl, samples with
both high PLQE and large degree of CPL (see detailed comparisons
in the Supplementary Materials). Thus, we conclude that, specifi-
cally, the chiral 3BrMBA molecules form a particularly suitable pe-
rovskite crystal structure for bright emission and strongly
polarized CPL.

Considering their promising chiral optical features, we also fab-
ricated circularly polarized photodetectors and PeLEDs based on
our chiral layered perovskites. The average g.rrent Of our chiral cir-
cularly polarized photodetector is ~0.5% under 490-nm excitations
(fig. S30), which is slightly larger than expected from our CD
results, likely because of additional effects from spin-related
carrier generation and transport (26, 55). For circularly polarized
LEDs, because of their low conductivity and stability, LEDs using
pure 2D perovskite (N = 1) emitters experience electrical break-
down before turning on, which is also a general problem for
other pure 2D phase PeLEDs (15). We then mixed the 2D phase
with 3D phase to get quasi-2D chiral perovskites for efficient emit-
ting layer (fig. S31). We found that N = 2 phase shows a weak elec-
troluminescence, which provides a proof of concept that our chiral
perovskite materials are capable of application in optoelectronic
devices. However, the device shows insufficient performance to
detect reliable circularly polarized electroluminescence. We expect
that the addition of doping atoms, changing the ratios between
mixed 2D/3D phases, or nanocrystal-in-bulk heterostructures can
improve device performance. Thus, from our study, we find that
chiral 3BrMBA molecules provide an excellent option to increase
the perovskite crystal angle distortion degrees, resulting in out-
standing chiral optical features, as well as structure configurations
that strongly decrease the impact of nonradiative loss channels
during recombination, resulting in fast radiative decay with large
PLQE value.

In  summary, that chiral 2D HMHPs

we report

Liu et al., Sci. Adv. 9, eadh5083 (2023) 1 September 2023

(R/S)-3BrMBA,Pbl,, show large PLQE values and a high degree of
CPL. By engineering the position of Br atom on the aromatic ring
from para- to metaposition, we find that chiral 3BrMBA,Pbl,
samples have crystal structures with a higher degree of distortion
and show improved chiroptical properties, compared to chiral
4BrMBA,Pbl,. Because of their more distorted crystal structures,
chiral 3BrMBA,PbI, perovskites exhibit a highly improved CPL
degree up to 52% under linear excitation at room temperature.
PLQE measurements reveal that chiral 3BrMBA,Pbl, has a domi-
nantly radiative decay channel with a quantum efficiency of 39%.
Such high CPL degree and large PLQE value exceeds most reported
chirality-related materials, including traditional spintronic materi-
als, such as GaAs or chiral organic semiconductors (table S1). Our
experimental and theoretical findings on chiral layered HMHPs
with bright and strong CPL highlights the unexpected ability of
the hybrid perovskites to balance strong chirality with excellent op-
toelectronic properties. We expect our materials to show potential
as light emitters in circularly polarized LEDs and spintronic appli-
cations at room temperature.

MATERIALS AND METHODS

Synthesis of layered (R/S/racemic)-3BrMBA,Pbl, single
crystals and thin films

Chemicals, such as Pbl,, HI, DMF, racemic, and (S)-3BrMBA, were
purchased from Sigma-Aldrich, and (R)-3BrMBA was ordered from
Alfa Aesar. All chemicals were used without further purification. As
a general synthesis procedure of layered perovskite single crystals,
0.231 g of Pbl, and 151 pl of (R), (S), or racemic-3BrMBA were sep-
arately dissolved in 6 ml of HI by heating at 90°C for 30 min. After
adding 1 ml of H,O into the solution, the mixture was further trans-
ferred into a 25-ml autoclave and allowed to react at 95°C for 24
hours. On cooling the solution slowly to room temperature with a
cooling rate of 0.5°C/hour, orange plate-like single crystals formed
gradually. In contrast, a relatively fast cooling rate resulted in
needle-like single crystals or powder samples. The perovskite
thin-film fabrication was performed in a nitrogen-filled glove box
using glass coverslips that had been previously treated with
oxygen plasma for 5 min as substrates. First, 40 mg of as-synthesized
perovskite crystals or powders were dissolved in 200 ul of DMF to
prepare precursor solutions. After that, the precursor solution was
spin-coated on the glass substrates with a rotation speed of 4000
rpm for 35 s, after which they were annealed at 90°C for 10 min.
The obtained perovskite thin films were stored inside the glove
box for further characterization.

XRD measurements

SCXRD data were obtained at 100 K on a Bruker D8 Venture system
with a Helios optic monochromator and Mo radiation (A = 0.71073
A). The detailed data collection and refinement information are
further summarized in table S2 and the corresponding cif. docu-
ments. XRD patterns of thin films were collected by an x-ray diffrac-
tometer (Rigaku SmartLab) with Cu Ka irradiation.

DFT calculations

First-principles calculations were carried out on the basis of DFT, as
implemented in the SIESTA package (56, 57). The nonlocal van der
Waals density functional of Dion et al. (58) corrected by Cooper
(C09) was used for geometry optimizations of the organic cations
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(59). SOC was taken into account through the so-called off-site ap-
proach as following the Hemstreet formalism (60). Core electrons
were described with Troullier-Martins pseudopotentials (61),
while valence wave functions were developed over double-{ polar-
ized basis set of finite-range numerical pseudoatomic orbitals (62).
In all cases, an energy cutoff of 150 rydberg for real-space mesh size
was used, and the Brillouin zone was sampled using a 8 x 8 x 2 grid.
Experimental structures of (S/racemic)-3BrMBA,Pbl, were used
for the inorganic skeleton, well characterized by XRD, while the po-
sitions of organic cations were optimized.

General optical measurements

The CD and absorption spectroscopy data were collected by a CD
spectrometer (JASCO J-815). PL measurements were carried out
using a setup with a 405-nm excitation laser (PicoQuant PDL
800-D) and a Horiba iHR 550 spectrometer. A single-photon ava-
lanche photodiode detector (Micro Photon Devices PD-100-CTE)
and a constant fraction discriminator (PicoQuant PicoHarp 300)
were further used for TCSPC measurements.

PLQE measurements

PLQE measurements were performed using the method proposed
by de Mello et al. (63). Briefly, perovskite samples were excited
with a 405-nm continuous wave laser, while the PL value was col-
lected by an Andor Shamrock spectrometer and Andor iDus CCD
array. The signals were recorded from an integrating sphere in three
different configurations, without sample, with laser on the sample,
and with laser off the sample, respectively. Each measurement was
further performed three times to get comparable average results.

CPL measurements

CPL measurements were performed on single-crystal samples, with
a 405-nm linear excitation, which is provided by a Yb:yttrium-alu-
minum-garnet laser system (Light Conversion Pharos) with an
optical parametric amplifier (Light Conversion Orpheus). Then,
the green emission was collected by a 50x long working distance
objective (Mitutoyo) and passed through a quarter waveplate to
transfer the CPL signals to linearly polarized signals. After that, a
Wollaston prism followed by a 45° linear polarizer was used to spa-
tially separate the right-handed and left-handed polarized PL. Both
right-handed and left-handed polarized PL were collected on two
regions of interest on the ICCD camera (Andor, iStar) at the
same time to get rid of the influence from sample degradation or
from excitations. Both MAPbBr; and Rac-3BrMBA,Pbl, were
used as reference samples.

TA spectroscopy

Three pump-probe setups were used for TA measurements. For
short-time TA measurements (1900 ps), A 270-fs pulsed laser (5-
kHz repetition rate, 770 nm) was first generated from the same
laser system that we used for CPL measurements. The generated
laser was further split into pump and probe beam paths. The
pump beam (385 nm) was obtained by focusing the original laser
(770 nm) through a beta barium borate crystal, and the probe
beam was a white light continuum, which was produced by
pumping the original laser into a CaF, window. A linear translation
stage (Newport DLS325) was used to provide the delay stages
between pump and probe beams. A spectrometer (Andor Kymera
193i) and a scientific complementary metal-oxide semiconductor
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camera (Andor Zyla 5.5) were further used to collect the transmit-
ted probe spectrum for every pulse. Linear polarizers and quarter
waveplates were applied to control the polarization directions of
pump and probe beams for CTA measurements. For TA measure-
ments with 7700 ps and microsecond time scales, commercial TA
spectrometers were used (Ultrafast Systems, HELIOS and EOS).

Supplementary Materials

This PDF file includes:

Comparison of different chiral 2D perovskites
Tables S1 to S4

Figs. S1 to S31

Other Supplementary Material for this
manuscript includes the following:
Data S1 and S2
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