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Exciton Diffusion in Two-dimentional Chiral Perovskites

Sophia Terres, Lucas Scalon, Julius Brunner, Dominik Horneber, Johannes Düreth,
Shiyu Huang, Takashi Taniguchi, Kenji Watanabe, Ana Flávia Nogueira, Sven Höfling,
Sebastian Klembt, Yana Vaynzof, and Alexey Chernikov*

Two-dimensional (2D) organic–inorganic hybrid perovskites emerged as a
versatile platform for light-emitting and photovoltaic applications due to their
unique structural design and chemical flexibility. Their properties depend
heavily on the choice of the inorganic lead halide framework and the
surrounding organic layers. Recently, the introduction of chiral cations into 2D
perovskites has attracted major interest to induce chirality and tune the
chiro-optical response. Importantly, their optical properties are dominated by
tightly bound excitons that also serve as primary carriers for energy transport.
The mobility of photo-injected excitons is thus important from the
perspectives of fundamental material properties and optoelectronic
applications, yet remains an open question. Here, exciton propagation in 2D
chiral perovskites is demonstrated using transient photoluminescence
microscopy and density-dependent transport over more than 100 nanometers
at room temperature is revealed with diffusion coefficients as high as 2
cm2 s−1. Two distinct regimes of initially rapid propagation and subsequent
localization are observed. Moreover, perovskites with enantiomer pure cations
exhibit faster exciton diffusion than the racemic mixture, correlated with the
impact of the material composition on the disorder. Altogether, the
observations of efficient exciton diffusion highlight the potential of 2D chiral
perovskites to merge chiro-optical properties with strong light-matter
interaction and energy transport.
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1. Introduction

2D organic–inorganic hybrid perovskites,
originally studied as early as the 1990s,[1–3]

emerged as promising platforms for
light-emitting[4–6] and photovoltaic
applications.[7,8] These semiconducting
materials feature an inorganic framework
surrounded by organic layers with ex-
ceptional chemical and structural design
flexibility.[9] The inorganic layers comprise
corner-sharing lead halide octahedra and
act as natural quantum wells hosting
electronic states forming the conduction
and valence bands.[10] The organic cations
separate the inorganic layers and serve pri-
marily as electronic barriers,[11,12] while also
offering the possibility to integrate a variety
of ammonium-based organic cations with
different functional groups[13,14] and spa-
tial configurations.[15–18] The ammonium
groups bind to the halide of the inorganic
framework via hydrogen bonds, while
the organic moieties interact through van
der Waals and 𝜋-stacking interactions.[19]

Recently, chiral organic cations were
embedded into perovskites to generate
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Figure 1. a) Schematic illustration of the layered structure of the (n = 1) chiral perovskite MBA2PbI4, consisting of alternating organic (methylbenzy-
lammonium, MBA) and inorganic layers (PbI4). Left panel: structure of the perovskite with enantiomer pure cations (S-MBA); right panel: perovskite
structure with racemic mixture (Rac-MBA). b) Chemical structure of the enantiomers R-MBA and S-MBA. c) Optical micrograph of a typical thin-layer
sample, encapsulated between 10′s of nm thick layers of h-BN. d) Representative room temperature PL spectra of both S/R-type samples and the racemic
mixture at a moderately high excitation fluence of 0.7 μJ cm−2 using 140 fs pulses with photon energy of 3.02 eV. Gaussian fits to the high energy flank
of the peaks are indicated by solid lines on top of the data. Intrinsic 2D exciton PL and that attributed to localized states and 1D phase incursions are
indicated. e) Maps of the room temperature PL intensity, f) PL peak energy and g) linewidth of the same R-type sample depicted in panel (c) with 1 μm
step size, measured under continuous-wave 3.06 eV excitation.

chiro-optical responses,[20,21] which is highly interesting for
polaritonics[22] and optospintronics.[23] Chiral cations were
shown to induce structural chirality transfer across the interface
between organic and inorganic units of 2D hybrid perovskites
by breaking the centrosymmetry of the crystal.[24] This changes
the electronic structure, introduces chiral polarization selection
rules,[20] and impacts phase purity and electronic disorder.[25]

Moreover, this class of materials inherits the combination of
quantum confinement and reduced dielectric screening from
the 2D perovskites, giving rise to strong Coulomb interactions
between the charge carriers. Consequently, excitons with bind-
ing energies of several hundreds of meV form.[1,26,27] They rep-
resent fundamental electron-hole excitations with strong light-
matter coupling,[28] dominate the optical response[29] and, most
importantly, serve as primary energy carriers in these systems.
Transport of optically injected excitons in chiral 2D perovskites
is thus of major interest in the context of both fundamental
physics of mobile and chiral many-body states and optoelec-
tronic applications. In contrast to more conventional achiral 2D
perovskites[30,31] however, the exciton propagation in chiral com-
pounds, the underlying mechanisms of either free or localized
transport, and their relationship to the material structure remain
unexplored.

Here, we study exciton propagation in 2D chiral perovskites
via transient photoluminescence microscopy. We observe linear

and non-linear transport in samples with enantiomer pure (R-
and S-configurations) cations and the racemic mixtures of both
cations. The excitons are found to exhibit initially rapid diffu-
sive transport over more than 100 nanometers at room temper-
ature, followed by localization at later times. In addition, exci-
tons propagate faster for all studied densities in perovskites with
enantiomer pure cations than their racemic mixture counter-
part. These findings correlate with different energy scales of dis-
order determined by photo-thermal deflection and hyperspatial
spectroscopy.

2. Results

For this study, we used thin-layer samples exfoliated from chi-
ral 2D methylbenzylammonium lead iodide crystals (MBA2PbI4).
The crystals were synthesized under a nitrogen atmosphere by
dissolving lead (II) oxide (PbO) in hydrogen iodide (HI), followed
by dropwise addition of R-, S- or rac-methylbenzylamine.[25] Fur-
ther details about the synthesis as well as X-ray diffraction pat-
terns of these crystals are presented (Figure S1, Supporting In-
formation) can be found in the Supporting Information. Struc-
tures of the enantiomer pure chiral 2D perovskite, as well as the
racemic mixture, are schematically illustrated in Figure 1a. Enan-
tiomer pure chiral cations induce the formation of asymmetric
hydrogen bonds, creating symmetry-breaking distortions in the
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inorganic framework.[15,24,32] Chemical structures of the cations
producing crystallographic right- (R-MBA) and left-handedness
(S-MBA) are displayed in Figure 1b. In the racemic mixture, con-
sisting of equal parts S-MBA and R-MBA cations, the hydro-
gen bonds create symmetric tilting distortions, thus retaining the
centrosymmetry of the crystal.[19,24]

The synthesized bulk crystals were micromechanically exfoli-
ated, transferred onto SiO2/Si substrates using a polymer stamp,
and encapsulated between hexagonal boron nitride (h-BN) lay-
ers to ensure sample stability under illumination.[33] The result-
ing samples comprised of perovskite crystals of a few hundred
nanometers thickness with tens of nanometers thick h-BN layers
were placed in a microscopy cryostat for optical measurements
under reduced pressure (<10−4 bar). We used a continuous-wave
laser with a photon energy of 3.06 eV for excitation in photolumi-
nescence (PL) mapping and an 80 MHz, 140 fs pulsed Ti:sapphire
laser with a photon energy of 3.02 eV for time- and spatially-
resolved PL measurements. They were performed at room tem-
perature, and the incident laser beams were focused onto the
sample by a 60x microscope objective, resulting in spot sizes of
about 0.5 μm. The PL signal was then dispersed using a grat-
ing or reflected by a mirror to obtain spectrally and spatially
resolved responses. A CCD camera was used to record time-
integrated signals and a streak camera was employed to moni-
tor the time-resolved expansion of the emission area by imag-
ing the luminescence cross-section along the x-coordinate. Addi-
tional details regarding sample preparation, cryogenic circularly
polarized photoluminescence measurements and photo-thermal
deflection spectroscopy are given in the Supporting Information.

2.1. Hyperspectral Mapping of Chiral 2D Perovskites

A micrograph of a studied thin-layer R-type sample encapsulated
between two layers of h-BN is shown in Figure 1c. Typical room
temperature PL spectra of all three sample types are presented
in Figure 1d. They reveal the dominant 2D exciton signature
at ≈2.4 eV with an asymmetric shoulder on the lower energy
side, commonly associated with localized states[34] and 1D phase
incursions.[35,36] While the use of the chiral cations enables the
transfer of chirality, it also leads to steric hindrance for the in-
teraction of the ammonium group with the inorganic core. This
results in the formation of 1D moieties within the 2D perovskite,
giving rise to broad-band emission at lower energies.[36,37]

The position of the main exciton peak and the lower energy
shoulder are found to depend on the sample position and the
underlying energy landscape, with variations up to a few tens of
meV across the sample. We thus perform hyperspectral PL map-
ping to assess spatial variations of the exciton spectral features on
the micrometer scale. Figure 1e–g displays maps of the PL inten-
sity, peak energy and linewidth exemplary for an R-type sample
(see SI for three additional R-type, S-type, and racemic mixture
samples). Each pixel on the map corresponds to an individual PL
spectrum. The values for the different parameters are extracted
from Gaussian fits to the high energy flank of the 2D exciton
resonance as indicated by solid lines in the respective colors in
Figure 2d. The map of the extracted PL intensity reveals spot-to-
spot variations on the order of 50%. They are partially related to
fluctuations in material thickness across the exfoliated sample,

as observed by the changes of color due to interference effects in
the micrograph in Figure 1c. However, PL intensity also varies
to a smaller degree in regions of seemingly uniform thickness,
which is an observation not untypical for various 2D materials[38],
including perovskites.[39] Analysis of the PL peak energy map
shows an energy landscape featuring both homogeneous areas
of comparatively flat potentials with deviations of only a few meV
over many μm, but also variations between them. We observe lo-
cal energy shifts of the exciton resonance on the order of 10 to 20
meV and overall shifts of up to 40 meV across the sample. Vari-
ations in the total linewidth within one measurement spot are
on the same order of magnitude, reasonably agreeing with the
inhomogeneities in the energy distribution on the larger scale.
The differences in the room temperature linewidths in Figure 1d,
dominated by scattering with phonons[40], are most likely caused
by the disorder on the mesoscopic scale, prevalent in the studied
chiral perovskites, as we show below. This represents the overall
potential landscape for the excitons to propagate in the studied
material.

2.2. Exciton Diffusion

To study exciton transport, we employ time- and spatially-
resolved PL microscopy,[41,42] schematically illustrated in
Figure 2a. Ultrafast laser pulses with excitation energy den-
sities from 0.05 to 1.2 μJ cm−2 create a local distribution of
excitons. The expansion of the light distribution emitted from
the exciton cloud is then detected as a function of space and
time. A typical PL transient of an S-type sample recorded at
a moderate excitation density of 0.7 μJ cm−2 is presented in
Figure 2b. It features a fast decay of the exciton population over
the first several hundred ps after excitation and slower decay
dynamics at later times. To analyze exciton transport across
these regimes, we extract the broadening 𝜎 of the PL emission
profiles from a Gaussian fit of the form exp[− x2/2𝜎(t)2]. The
resulting mean squared displacement Δ𝜎2 = 𝜎

2(t) − 𝜎
2(0) is

presented in Figure 2c as a function of time and exhibits two
distinct propagation regimes.[43] At early times, we find a linear
increase in the exciton spatial distribution, characteristic of
diffusive transport.[41] At later times, the broadening of the PL
emission reaches saturation, defining a second regime where
the absence of spatial expansion indicates the localization of
excitons as they get trapped in lower-energy sites.[34]

To analyze the subdiffusive behavior, we apply a model intro-
duced by Seitz et al.[30] and Folie et al.[44], that considers initially
free exciton propagation, followed by localization due to perma-
nent capture of the excitons by deep traps. The model allows for
extraction of the diffusion coefficient D from the mean squared
displacement according to Δ𝜎2 (t) = 2𝜆2

eff [1 − exp(− D
𝜆

2
eff

t)], where

𝜆eff is an effective average distance between traps.[30] The model
was initially proposed to test the influence of trap states on the
diffusion behavior in perovskites with achiral cations where the
magnitude of the subdiffusive regime was found to be depen-
dent on background illumination and excitation density.[30,43,45]

For the studied chiral 2D perovskites, the obtained value for
the diffusion coefficient of 1.2 cm2 s−1 is very similar to find-
ings in (PEA)2PbI4,[43,46] in which the organic cation is a con-
stitutional isomer of MBA, known to exhibit comparatively
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Figure 2. a) Schematic illustration of propagating excitons in the chiral perovskite MBA2PbI4 and the resulting emission, monitored via time- and
spatially-resolved photoluminescence microscopy. b) Transient PL in an S-type sample, exhibiting initially rapid decay followed by slower dynamics. The
black trace corresponds to the instrument response function of the streak camera for the chosen measurement mode. c) Corresponding mean-free
displacement as a function of time, demonstrating a rapid increase during the first 100′s ps characteristic for diffusive transport (regime I). It saturates
at later times indicating localization (regime II). The dotted black vertical line serves as a separation between the two regimes (I & II). The diffusion
coefficient D is extracted from the two-component propagation model according to Seitz et al.[30] and Folie et al.[44] of initial free propagation followed by
localization into deep traps. Shaded area is a guide-to-the-eye. d) Diffusion coefficients as a function of excitation energy density demonstrating density-
activated behavior. Estimated contribution of exciton-exciton annihilation (EEA) obtained from initial decay rate analysis shows negligible influence of
this process. The black dashed line indicates the low-density diffusion coefficient D0. The inset shows density-dependent increase of the effective inter-
trap separation 𝜆eff extracted from the fit. e) Schematic illustration of excitons initially propagating freely through the disorder potential (regime I) with
an effective diffusion coefficient D, followed by localization at deep trap sites (regime II) accounting for a decrease of the effective diffusivity at later
times.

high diffusion in contrast to other 2D perovskites with differ-
ent types of cations.[30,31] To test for non-linear processes at el-
evated fluences,[31] we performed diffusion measurements as
a function of excitation energy density on the S-type sample.
The results are shown in Figure 2d from low densities to the
regime where the excitation starts to reduce relative PL inten-
sity due to photo-bleaching. The diffusion coefficients increase
linearly with excitation density, reaching up to 1.4 cm2 s−1 (cor-
responding to an effective mobility of 55 cm2/Vs calculating us-
ing the Einstein relation and classical approximation, presented
for better comparison with electronic mobilities). This result
starkly contrasts fluence-dependent measurements performed
on (PEA)2PbI4, where diffusion coefficients remain nearly con-
stant over more than three orders of magnitude in excitation
density.[43,46] In general, density-activated diffusion can indicate
the emergence of non-linear processes, such as exciton-exciton
annihilation (EEA), leading to a strong increase in the observed
diffusion coefficients and reduction of exciton lifetimes.[47,48]

We estimate the EEA coefficient by analyzing the initial de-
cay rate of the PL after the excitation (see SI, Section 10) and
determine the resulting effective diffusion coefficients accord-

ing to Deff = D0 +
RA ⋅ n0 ⋅ w2

0

16
. Here, RA is the EEA coefficient, D0

is the diffusion coefficient in the low-density limit and w0 the
width of the laser profile derived from the full-width-at-half max-
imum (FWHM) (w0 =

FWHM

2
√

ln2
).[47] The determined RA of 8 ×

10−3 cm2 s−1 would correspond to an increase of the effective dif-
fusion coefficients of 0.15 cm2 s−1 over the studied density range,
accounting only for a negligible part of the observed increase.
A similar analysis of excitation density dependence in R- and
Rac-type samples yielded comparable results (see SI, Section 8).
This means that exciton-exciton interactions only marginally con-
tribute, and the non-linear diffusivity has a different origin in the
studied samples.

Considering the presence of trapping sites that do not al-
low for detrapping, the aforementioned trap model permits the
determination of an effective inter-trap distance for 100% cap-
ture probability.[30,49] The extracted values for the distance be-
tween trapping states are presented in the inset of Figure 2d
as a function of excitation energy of the S-type sample. The ef-
fective inter-trap distance is in the range of a few 100′s of nm.
It increases linearly with the excitation density due to satura-
tion, indicating that excitons are able to propagate further at
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Figure 3. a) Mean squared displacement extracted from transient photoluminescence spectra of an S-type sample as a function of time, recorded
at different temperatures and a fixed excitation density of 0.5 μJ cm−2 per pulse. Rapid broadening of the emission area over the first few 100 ps
suggests initial efficient diffusive transport of excitons that is followed by localization at all studied temperatures. Solid lines represent fits from the
two-component propagation model, accounting for initial free propagation and subsequent capture of excitons at trapping sites. b) Corresponding PL
transients, demonstrating rapid recombination at early times, followed by decelerated decay dynamics in the localization regime. Solid lines represent
biexponential fits to the data. c) Effective distance between trapping sites 𝜆eff as well as the d) diffusion coefficient D as a function of temperature. An
increase of the effective inter-trap distance correlates with an increase of the diffusion coefficient, related to suppressed diffusion by earlier onset of the
subdiffusive regime at lower temperatures.

elevated pump intensities before encountering active trapping
sites. This finding implies that initial diffusion dynamics, in
contrast to (PEA)2PbI4

[30], are largely unaffected by deep trap
density and are therefore more likely determined by the shal-
low disorder potential of the material. The observed increas-
ingly faster exciton transport at higher excitation densities could
then be attributed to gradual state filling within the disorder
potential.[50] Figure 2e represent a schematic illustration of the
proposed transport regimes: At early times after excitation, ex-
citons are propagate freely with a diffusion coefficient D, deter-
mined by the disordered energy landscape and intrinsic scat-
tering with the phonons. After several 100′s ps, excitons are
captured by trapping sites that are sufficiently deep to not al-
low for detrapping and thus effectively decelerate the diffusivity
in the second regime down to complete localization. At higher
pump fluence, the deep traps are increasingly saturated, while
the density-activated transport at early times is likely to stem from
gradual filling of the states within the disordered energy poten-
tial with rising excitation density toward the excitonic mobility
edge.

To better understand the exciton transport mechanisms, we
perform temperature-dependent measurements at a fixed exci-
tation density of 0.5 μJ cm−2 per pulse. Figure 3a depicts the
mean squared displacements ∆𝜎

2 obtained from time- and spa-
tially resolved measurements of an S-type sample at 100, 200 and
300 K. Spatial broadening of the PL emission profiles over time
shows similar behavior from 100 K up to room temperature, with

a regime of initial increase over a few 100′s ps, followed by stag-
nation at later times. Both the initial expansion and the onset
of the subdiffusive regime are only weakly temperature depen-
dent and the applied model offers a reasonable description of
the experimental data at all studied temperatures. The PL tran-
sients in Figure 3b as a function of temperature are consistent
with the two distinct regimes. The first regime is characterized
by fast exciton decay, while the second regime is determined by
decelerated recombination kinetics. The extracted values for the
effective inter-trap distance and the initial diffusion coefficient as
a function of temperature are presented in Figure 3c,d, respec-
tively. The diffusion coefficient slightly increases upon cooling
down the sample from room temperature down to 200 K, charac-
teristic for the free propagation regime. It decreases for temper-
atures below 200 K pointing at increased localization within the
weakly disordered potential as the exciton transport starts to re-
quire thermal activation in this regime.[40,51] Nonetheless, the ex-
citons remain reasonably mobile even at 100 K with the absolute
diffusion coefficients being about two times smaller compared
to the non-chiral 2D perovskites at similar conditions.[46] The
corresponding changes in the inter-trap distance 𝜆eff is only
weakly temperature-dependent with values between 250 and
350 nm for the chosen pump fluence. This seems reasonable,
since the trap distance should be primarily related to the spacing
between trapping sites and their saturation. It also means that the
capture probability is only weakly dependent on the temperature
in the studied range as well.
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Figure 4. a) Summary of measured exciton diffusion coefficients recorded at low excitation density of 0.14 μJ cm−2 for all three sample types (R/Rac/S).
The box plots display the interquartile range with the upper and lower quartiles representing the 25th and 75th percentiles, respectively. The line within
each box indicates the median value, while the dot in the center represents the average. The box plots are superimposed with the diffusion coefficients
of the corresponding individual measurements. b) Corresponding data for higher excitation fluence of 0.7 μJ cm−2. c) Absorbance spectra from photo-
thermal deflection measurements using thick crystals. The disorder is characterized by the Urbach energies EU extracted from exponential fits (solid
lines) and is correlated with the average diffusion coefficients.

2.3. Exciton Diffusion Across Different Chiralities

To investigate how structural changes to the inorganic frame-
work affect exciton transport properties, we monitor propagation
in enantiomer-pure perovskites (R/S-types) and the racemic mix-
ture (Rac-type) at two distinct excitation fluences. The diffusion
coefficient measurements recorded at low density (0.14 μJ cm−2)
are summarized in Figure 4a, and the ones measured at higher
excitation energy fluence (0.7 μJ cm−2) are shown in Figure 4b.
The box plots display the interquartile range, with upper and
lower quartiles being the 25th and 75th percentiles. The hori-
zontal line in the center of the box indicates the median diffu-
sion coefficient value for each sample type. The individual mea-
surements are presented with the box plots and reach values up
to 0.9 cm2 s−1 even at low excitation densities while showing a
considerable spread in all studied cases. We note that the ob-
servation of substantial fluctuations in the diffusion coefficient
is not unusual in 2D hybrid perovskites.[46] It also aligns with
the exciton peak’s energy fluctuations determined by hyperspa-
tial microscopy (see Figure 1f). Nevertheless, median transport
coefficients show that the propagation of excitons in samples with
enantiomer pure cations is faster than in racemic mixtures. This
applies to low and high excitation fluence with S-type samples
demonstrating the highest overall diffusion coefficients.

This observation points to structure-related differences in the
exciton energy landscape, considering that chiral cations can in-
troduce distortions to the inorganic framework. One of the met-
rics that is particularly sensitive to that is the detection of Urbach
energies EU used to quantify disorder in the crystal lattice. The
parameter contains contributions from static and dynamic disor-
der and usually ranges from a few to several tens of meV in chiral
2D perovskites.[52] In amorphous semiconductors, the Urbach
energy is mainly dominated by static disorder caused by varia-

tions in bond length and bond angle.[53] However, in perovskites
such as MAPbI3, a substantial contribution can also arise from
the dynamic component due to the cage vibrations of the inor-
ganic framework.[52,54]

To determine the disorder parameter EU in the studied racemic
mixtures compared to enantiomer pure crystals, we thus em-
ploy photo-thermal deflection spectroscopy using thick, large-
area samples. The resulting absorbance spectra for all three sam-
ple types are presented in Figure 4c. The spectra exhibit an expo-
nential decrease toward lower energies from excitonic tail states
caused by defects in the crystal structure and lattice vibrations.[55]

From exponential fits to the data, we extract Urbach energies of
40.5 and 40.6 meV for R- and S-type samples and 48.6 meV for the
racemic mixture. Overall, the obtained values for the Urbach en-
ergies are somewhat larger compared to thin films of PEA2PbI4
with EU = 35 meV[56] and MBA2PbI4 with EU = 29 meV.[25]

Most importantly, they naturally explain differences in the ob-
served median diffusion coefficients between enantiomer pure
2D chiral perovskites and racemic mixtures.

3. Conclusion

In summary, we have experimentally demonstrated efficient ex-
citon diffusion in single crystals of chiral 2D perovskites with
values on the order of 1 cm2 s−1 and the ability to efficiently trans-
port energy over 100′s of nm at room temperature. We identified
two distinct regimes of initially rapid propagation within the first
0.5 ns and subsequent localization at later times. The studied
crystals exhibited areas with homogeneous energy distribution
on the order of several microns and tens of meV energy variations
on larger spatial scales in accordance with the determined Ur-
bach tail values. Moreover, excitons are found to propagate faster
in perovskites with enantiomer pure cations compared to the

Adv. Optical Mater. 2025, 13, 2402606 2402606 (6 of 9) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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racemic mixture of both cations, which is linked to differences
in disorder. Finally, we find a strong fluence dependence of the
transport coefficients for all studied samples in contrast to other
perovskites with similar, yet achiral cations, with only negligible
impact of exciton-exciton annihilation. We attribute this behav-
ior to the gradual filling of both deep traps and the states within
the disorder potential with increasing excitation density, leading
to increased fraction of freely propagating excitons. Observing
comparatively fast room temperature exciton transport despite
the presence of disorder renders chiral 2D perovskites an inter-
esting platform for chiro-optical devices featuring mobile exci-
ton quasiparticles. Alternatively, localization of excitons could be
leveraged toward developing single-photon sources based on this
class of chiral materials. Future developments toward increased
excitonic mobility or the creation of exciton traps seem promis-
ing in view of the flexibility in the 2D perovskites’ design.

4. Experimental Section
Synthesis: PbO (99.999%) purchased from Alfa Aesar Puratonic,

hyroiodic acid (57 wt.%) from TCI chemicals and R-, S- and rac-
methylbenzylamine as well as diethyl ether from Sigma–Aldrich were
used. All chemicals were utilized without additional purification. The per-
ovskites with R-, S- and rac-MBA cations were synthesized using the same
procedure.[25] PbO (0.9 mmol) was dissolved in 5 ml of HI (57 wt.%) un-
der N2 atmosphere and magnetic stirring, followed by dropwise addition
of R-/S-/rac-methylbenzylamine (1.8 mmol), leading to the formation of a
precipitate. The reaction was then heated at 90 °C for 3 h to dissolve the
precipitate. After that, stirring was stopped and the reaction mixture was
cooled at a rate of 5 °C/30 min until it reached 30 °C. The orange, needle
like crystals which formed overnight were vacuum filtered, washed with
diethyl ether and underwent purification in a Soxhlet apparatus to remove
HI residues. Finally, the crystals were dried in a vacuum oven for 4 h prior
to use.

Exfoliation and Sample Fabrication: Single crystal 2D perovskite sam-
ples were fabricated via micro-mechanical exfoliation from bulk crystals
and subsequent polymer-assisted stamping, following the technique out-
lined by Castellanos-Gomez et al.[57] Hexagonal boron nitride (h-BN)
crystals were cleaved and thinned down using Scotch Magic Tape. Thin-
ner crystals were transferred onto PDMS (polydimethylsiloxane) and then
stamped onto preheated SiO2/Si substrates. Perovskite flakes were pro-
duced in the same manner, transferred onto PDMS, aligned under a mi-
croscope and then stamped onto the previously deposited h-BN layer
at room temperature to prevent temperature-induced degradation. The
stack was completing by adding a second layer of h-BN, making sure that
the perovskite was fully encapsulated from all sides for environmental
protection.

Optical Spectroscopy: All measurements were performed with the
samples mounted in a helium-flow cryostat (Cryovac) under high vac-
uum conditions to prevent oxygen-induced degradation of the samples.
A continuous-wave solid state laser at a wavelength of 405 nm was used
for time-integrated photoluminescence measurements. The laser was fo-
cused onto the sample using a glass-corrected 60x objective (Nikon), re-
sulting in a spot size of ≈ 0.5 μm. The PL emission was filtered using
hard-coated edge-pass filters (ThorLabs), dispersed by a grating spectrom-
eter and detected by a Peltier-cooled charge-coupled device camera (Roper
Scientific).

For spatially and time-resolved measurements, 140 fs pulses of an
80 MHz T-sapphire laser (Coherent) operating at 820 nm were frequency
doubled by an SHG crystal (APE) and focused onto the sample via a
glass-corrected 60x objective to a spot of ≈0.5 μm. The emitted signal
passed through several spectral filters (ThorLabs) to eliminate reflected
and scattered laser light. It was then focused onto the slit of an imag-
ing spectrometer (Princeton Instruments), reflected by a silver mirror for

spatially-resolved measurements and imaged onto a streak camera detec-
tor (Hamamatsu) providing temporal resolution. The streak camera was
synchronized with the frequency of the Ti:sapphire laser and operated in
single photon counting mode. For strong PL signals, neutral-density fil-
ters were employed to reduce intensity and prevent-double counting in
the streak camera’s single-photon detection.

Photothermal Deflection Spectroscopy: To assess large-area disorder,
photo-thermal deflection spectroscopy (PDS) measurements were per-
formed following established methods.[25,58] Millimeter-sized 2D per-
ovskite flakes were mounted on UV-cured adhesive atop a quartz sub-
strate and placed in a Fluorinert-filled cuvette. The sample was excited
by a monochromator-filtered 150 W xenon short arc lamp (Ushio), while a
635 nm diode laser (ThorLabs) probed photothermal deflection. Absorbed
light induced local heating, altering the refractive index and deflecting
the laser beam, which was measured using a position-sensitive detector
(ThorLabs) and lock-in amplifier (Amatec). The deflection directly corre-
lated with film absorption, and Urbach energy was estimated by fitting the
low-energy absorption tail.
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