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tremendous challenge. Here, an abnormal chiral coupling effect is 20\ ey /N )

introduced in the chiral benzene halide RDPs. Our strategy Gl

facilitates the construction of the network of both short-range '
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improved phase purity, reduced defects, weakened exciton—
phonon scattering, and efficient excited-state transfer pathways.
Consequently, an increment of photoluminescence quantum yield
by over 35% compared to that of achiral counterpart was realized. This strong chiral coupling effect also enables the realization of
stable and low threshold continuous wave lasing over 0.5 h at room temperature. Our study introduces an improved design principle
for RDPs to control the defects, phase purity, crystal nano/microstructure, molecular interaction, and excited-state process for highly
efficient and stable perovskite optoexcitonic devices.

Traditional RDPs Chiral RDPs
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B INTRODUCTION To realize the above goal, the design of RDP materials with
customized structures and functions is of pivotal importance.
However, traditional RDPs tend to form multiple QWs, and
most studies are limited to the nanoscale lattice network, while
the overall long-range superstructure network has been long
overlooked. A primary reason is that most organic components
in traditional RDPs do not affect the overall long-range
network of the resultant compounds. Recently, chiral perov-
skites built up from chiral organic structures are drawing

RDPs have been regarded as a promising family of metal halide
materials with superior properties. Compared to their 3D
counterparts, the improvement of their efficiency and stability
remains challenging for mixed-phase RDPs, which however is
of vital importance for high performance light-emitting
diodes," lasers,” solar cells,’ and photodetectors.4 Despite
significant advancements, several critical issues remain

hindering the realization of this goal: (i) Besides the use of intensive attention, endowing RDPs with multiple functions.
external passivators,” there is a lack of other internal methods This initiates the exploration of circularly polarized photo-
for decreasing the density of defects and increasing the detection,"® spin manipulation emission polarization,16 non-
stability.” "% (ii) The mechanisms leading to the inefficient linear chiroptical effects,'” ferroelectricity,'® spin Seebeck,"
cascade excited-state transfer (EST) across multiple quantum and chirality-induced spin selectivity.”’ Beyond these function-
wells (QWs) have yet to be unraveled.'""> The inefficient EST alities in chiral perovskites, previous studies on other chiral
is generally associated with the quenching by defects and

nonradiative energy loss across multiple steps of transfer, the Received: October 23, 2025

random distribution, uncontrollable ratio of the crystalline Revised: ~ March 3, 2026

domain, and the anisotropic transport of photoexcited charge Accepted: March 3, 2026

carriers and energy.'”'* Hence, the reduction of the density of Published: March 13, 2026

defects, the optimization of the EST pathway, and the precise

control of phase purity are necessary.
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Figure 1. (a) Schematic diagram of the helical symmetric superstructure in the chiral crystal. (b) Organics used as cations for chiral and achiral
perovskites. Each organic has been assigned a compound number and abbreviation. (c) Statistical plot of exciton—LO phonon coupling strength
derived from temperature-dependent absorption spectra for chiral and corresponding achiral 2D perovskites. (d) Chiral and corresponding achiral
two-dimensional perovskite crystal structures resolved by single-crystal XRD. (e) The chiral RDPs exhibit less defects and weaker exciton—LO
phonon interaction induced via chiral-ordering, promoting sufficient excited-state transfer (EST) and leading to population inversion that generates
amplified spontaneous emission (ASE)/lasing. The traditional RDPs exhibit strong exciton—LO phonon coupling and multiple nonradiative
recombination channels originating from phase heterogeneity, resulting in inefficient energy transfer and population inversion.

compounds demonstrate that chirality can significantly affect
the structures of materials. This includes breaking symmetry in
chiral ferroelectrics to raise the Curie temperature,”*”
coupling of photons and spin to induce magnetism by chiral
light at room temperature,” and control of excitonic structure
to achieve chiral superconductivity’* and topological orbital
texture.”> Therefore, it would be of high interest to explore
whether RDPs with a specific chiral structure could exhibit
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both the short-range nanoscale lattice network and the long-
range superstructure network, such that defects, phase purity,
EST pathways, and stability can be controlled to optimize the
optoexcitonic properties.

Here, a series of chiral organic cations were incorporated
into perovskite structures to induce chiral stereoisomeric
configurations and helical architectures (Figure la). RDPs
based on a wide variety of chiral and achiral organic

https://doi.org/10.1021/acsnano.5c18306
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Figure 2. (a) The optical absorption and PL spectra of S/Rac-Br-MBABr (1 = 2); (b) PLQY value of S/Rac-X-MBABr (n = 2, X = F, Cl, Br, 3Br);
pump-fluence dependent emission spectra of (c) S-Br-MBABr (1 = 2) and (d) Rac-Br-MBABr (1 = 2); (e) pump fluence dependent PL intensities
and the full width at half-maximum (fwhm) change of S-Br-MBABr (n = 2). (f) ASE threshold statistics plot of S-X-MBABr (n =2, X = F, Cl, Br,

3Br).

candidates—with aromatic backbones—are synthesized and
examined (Figure 1b). It is found that the two-dimensional
perovskites incorporating tailored chiral benzene halide
molecules S-X-MBA (X = F, Cl, Br, 3Br) promoted the
formation of pure-phase RDP films with an exclusively n = 1
phase to decrease EST pathways. The chiral coupling effect
plays a role through three synergetic mechanisms: (1) control
the distortion of inorganic octahedra (Figure S1); (2)
organization of ordered zigzag-type mechano-interlocked
networks via interlayer/intralayer molecular forces (Figure
1d); and (3) formatlon of a helical symmetric superstructure
(Figure 1a).”° The latter two play a more critical role in
enhancing both short- and long-range organic and inorganic
lattice rigidity in contrast to the traditional concept of ordered
inorganic layers alone. This chiral coupling effect decreases
trap density, weakens exciton—LO phonon coupling (Figure
1c), reduces EST pathways, and facilitates enhanced EST
efficiency in RDPs (Figure le). It ultimately enables room-
temperature continuous-wave perovskite lasers with low
threshold and long-time stability reported for the first time
and over 35% increment of photoluminescence quantum yield
(PLQY) compared to that of its achiral counterpart. Our work
introduces a perspective on the understanding and control of
the efficiency and stability of RDP emitters by the design of
specific chiral structure. This will promote the development of
RDP materials and highly efficient and stable RDP
optoexcitonic devices.

B RESULTS AND DISCUSSION

Optical Properties of Perovskite Films

Mixed phase (S/Rac-XMBA),FAPb,Br; and pure phase (S/
Rac-X-MBA),PbBr, (X = F, Cl, Br, and 3Br) chiral/achiral
quasi-2D and pure 2D perovskite films are named as S/Rac-X-
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MBABr (n = 2) and S/Rac-X-MBABr (n = 1), respectively. All
of the steady-state absorption spectra of both chiral and achiral
quasi-2D perovskite films (Figure 2a and Figure S2) exhibit
two peaks in the ultraviolet (UV) and green regions,
corresponding to exciton absorption in the n = 1 phase and
the 3D FAPbBr; phase, respectively. PL spectra exhibit
emission from the 3D FAPbBr, phase (Figure 2a). Compared
with that of the achiral counterpart, the exciton absorption
peak of S-X-MBABr (n = 1) (X = CL Br) has a red-shift
(Figure S3), indicating that chiral organic cations cause less
inorganic octahedron distortion than their achiral counter-
parts.””>” All chiral quasi-2D perovskite films exhibit higher
PLQY compared to their achiral counterparts, with the
bromine-substituted variant showing the highest value. The
PLQY of the S-Br-MBABr (n = 2) is 65%, significantly higher
than the 30% of the achiral perovskite film (Figure 2b),
indicating reduced losses from nonradiative recombination in
the chiral counterpart.”’”*'

The chiral structure significantly influences the gain
properties (Figure 2c,d and Figure S4). No amplified
spontaneous emission (ASE) is observed in the achiral
counterpart at the pumping density used in our work (Figure
2d, Figure S4b,e,h), while the chiral counterpart shows a lower
threshold, with the lowest ASE threshold of 6.36 uJ cm™ for S-
Br-MBABr (n = 2) (Figure 2e,f and Figure S4c,fji). Moreover,
the obtained ASE threshold of S-Br-MBABr (n = 2) is lower
than those of previous studies under the same n value (Table
S1), confirming the advantage of the chiral coupling effect in
RDPs for lasing application.

Structure and Excited State Dynamics of Perovskite Films

In the following discussion, we will primarily focus on the
system represented by S-Br-MBA, with other relevant data
provided in the Supporting Information. X-ray diffraction
(XRD) confirms the phase purity of the crystals with n = 1 and
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Figure 3. Excited-state dynamics of chiral and achiral perovskite films. False-color 2D TA maps of (a) chiral S-Br-MBABr (n = 2) and (b) achiral
Rac-Br-MBABr (n = 2) films. TA carrier kinetics probed at the exciton absorption peak for (c) S-Br-MBABr (n = 1, 2) and (d) Rac-Br-MBABr (n =
1, 2) films. (e) Time-resolved PL and (f) TA carrier kinetics probed at 530 nm of S/Rac-Br-MBABr (n = 2).

3D phases (Figure SS). This is consistent with the absorption
spectra indicated in the analysis above. There is no noticeable
difference in domain distribution, surface morphology, and
roughness for both chiral and achiral samples (Figures S6 and
S7), excluding their significant effects on optical performance.

The transient absorption (TA) spectra of the chiral and
achiral RDP films are compared (Figure 3a,b). The films
exhibit two pronounced ground-state bleach (GSB) peaks
centered at 394 (372 nm) and 535 nm (531 nm), originating
from the excited state filling of 2D (n = 1) and 3D phases,
respectively. The peak positions of these transitions are
consistent with those observed in the steady-state absorption
spectra (Figure 2a). The chiral RDP film exhibits a faster
transfer dynamics process from the 2D to 3D phase (Figure
3a,b and Figure S8). The chiral RDP film exhibits a more rapid
and obvious decay of the 390 nm excitonic signal compared
with the chiral pure 2D perovskite film (Figure 3c). This
indicates an increasingly efficient EST from the n = 1 chiral
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phase to adjacent 3D phases (Figure 3c and Figure S8a).
However, the signal of achiral 2D and RDP films exhibits an
initial decline followed by a slight increase; concurrently, the
exciton resonance at the GSB of the n = 1 phase lasts for a long
excitation time (1000 ps; Figure 3d and Figure S8b). The
results indicate that excitons persistently accumulated in the n
= 1 phase in the first dozen ps for the achiral sample, leading to
incomplete EST between the different phases and weak
population inversion for ASE.>> Assuming that all the ESTs
mentioned here are attributed to energy transfer, the TA
spectra reveal that the chiral perovskite (64%) exhibits a nearly
60% higher energy transfer efficiency compared to its achiral
counterpart (5%).>> Pump fluence-dependent TA spectra
(Figure. S9) reveals that the disparity in EST kinetics could
partly be attributed to a higher prevalence of defect sites in the
nonchiral 2D phase. These defects trap charge carriers, thereby
resulting in diminished transfer efficiency.”**> These results
are consistent with higher PLQY for the chiral counterpart.
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Figure 4. Quantification of exciton—phonon interactions. Contour maps of the temperature-dependent normalized steady-state absorption spectra
of (a) S-Br-MBABr (n = 1) and (b) Rac-Br-MBABr (n = 1), from 298 to 78 K with 20 K intervals. Contour maps of the temperature-dependent
steady-state normalized PL spectra of (c) S-Br-MBABr (n = 2) and (d) Rac-Br-MBABr (n = 2) films obtained under continuous wave (CW) laser
excitation at 405 nm, and from 298 to 78 K with 20 K intervals. Temperature-dependent fwhm for the absorption spectra of (e) S-Br-MBABr (n =
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Figure 4. continued

1) and (f) Rac-Br-MBABr (1 = 1), and PL spectra of (g) S-Br-MBABr (n = 2) and (h) Rac-Br-MBABr (n = 2). The green or yellow dot represents
the experimental data, and the corresponding solid lines represent the fitting results of the exciton—phonon coupling model. Phonon band structure
and phonon density of states (PHDOS) of S-Br-MBABr (1 = 1) and Rac-Br-MBABr (n = 1) at 300 K (ij), respectively. (k) The calculated phonon
density of states of S/Rac-Br-MBABr (n = 1) within the low-frequency range (<20 meV), the red vertical lines correspond to the lowest frequency
LO phonon modes. Contributions from Pb, Br, S/Rac-Br-MBA, and intersection of Pb and Br (Pb N Br) are colored yellow, green, blue, and gray,
respectively. (L,m) The lowest frequency LO phonon modes in S/Rac-Br-MBABr (n = 1), where red arrows indicate the direction of atomic

vibrations.

TRPL spectroscopy reveals an average recombination lifetime
(Tag) of 12.7 ns for the 3D phase in the chiral RDP film
(Figure 3e), representing a 1.7-fold increase compared to that
of the achiral film (7.6 ns). This is consistent with the TA
dynamic (3D phase) spectroscopy analysis (Figure 3f),
supporting the previous discussion of efficient EST in the
chiral RDP film.

Exciton—Phonon Interaction Dynamics

To elucidate the mechanistic origins of the disparate excited-
state relaxation kinetics, the exciton—phonon interaction
strength was monitored using temperature-dependent fwhm
analysis of the stable-state absorption (Figure 4a,b, Figures
$10—-S12) and PL spectra (Figure 4c,d, Figure S13).*° The
temperature-dependent characteristics in most semiconductors
can be explained using first-order perturbation theory with a
focus on four scattering mechanisms (Supporting Information,
Note 1). The correlation between the fwhm of chiral and
achiral 2D perovskites and temperature was fitted via the LO
phonon dominating model. It can be simplified as eq 1.*

T
ELO

eXP(kTT) ! ™)
where I’y is a temperature-independent constant that arises
from scattering due to structural disorder/imperfection
scattering,”® T’ o is the exciton—longitudinal optical (LO)
phonon coupling strength, E; is the longitudinal optical
phonon energy, T is the temperature, and kg is the Boltzmann
constant. The fwhm of the absorption and PL spectra is
extracted, and then, the curve is fitted according to eq 1 as
shown in Figure 4e—h. S-Br-MBABr (n = 1) has a lower
coupling strength than Rac-Br-MBABr (n = 1) (5.72 meV
versus 39.6 meV). This indicates weaker exciton—LO phonon
coupling strength and suppressed structurally vibrational
relaxation in S-Br-MBABr (n 1). Furthermore, the
exciton—LO phonon coupling in the 3D phase for S-Br-
MBABr (n = 2) is significantly lower than that of Rac-Br-
MBABr (n = 2) (52.1 vs 124.2 meV), indicating the strong
interaction between the 3D domain and the 2D chiral domain
(Figure 4gh). The reduced Frohlich coupling constant in 2D
and 3D phases further supports S-Br-MBABr (n = 2) to
achieve enhanced EST efliciency and fast population inversion
through lattice vibration suppression. All of the other chiral 2D
perovskites also demonstrate significantly reduced exciton—LO
phonon coupling relative to that of achiral analogues (Figure
S14 and Table S2). Among them, the S-Br-MBABr (n = 1)
system exhibits the weakest exciton—LO phonon coupling,
which aligns well with the observed trends in ASE thresholds
and PLQY.

To enhance the understanding of how chiral differences are
formed, further insights are obtained by investigating the
phonon characteristics of Rac/S-Br-MBABr (n = 1) using DFT

I(T) =1, +
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calculations. Considering the non-negligible effect of temper-
ature on anharmonic vibration in perovskites, we use ab initio
molecular dynamics (AIMD) simulations and mode decom-
position techniques to measure the anharmonic phonon line
width and frequency shift of Rac/S-Br-MBABr (n = 1) at 0 K
(Figure S15) and 300 K (Figure 4ij).”” The results indicate
that the imaginary frequency intensity contributed by the
inorganic layers in S—Br-MBABr (n = 1) progressively
decreases, whereas the imaginary frequency broadening of
the inorganic layers in Rac-Br-MBABr (n = 1) increases
markedly (Figure 4ij). The increased concentration of
imaginary frequency in Rac-Br-MBABr (n = 1) indicates a
greater degree of lattice instability, which enhances phonon
scattering. Since phonons serve as the primary carriers of heat
conduction, the scattering process impedes their ability to
propagate within the lattice. In lead halide perovskite, excited
LO phonons from the inorganic component are essential in
phonon—exciton interaction and phonon—phonon scattering
processes. "’ ™"

Figure 4k illustrates the calculated phonon density of states
for S/Rac-Br-MBABr (n = 1) in the low-frequency range (<20
meV), with the red vertical lines representing the lowest
frequency LO phonon modes. The highly ordered S-Br-
MBABr (n = 1) has significantly lower LO phonon frequencies
than Rac-Br-MBABr (n = 1). The LO phonon frequencies of
highly ordered S-Br-MBABr (n = 1) range from 4 to 7 meV,
while those of Rac-Br-MBABr (n = 1) are as high as 11-15
meV. Figure 4l,m depicts the lowest frequency LO phonon
modes of S-Br-MBABr (n = 1) (~4.74 meV) and Rac-Br-
MBABr (n = 1) (~11.31 meV), with red arrows indicating the
direction of atomic vibrations. The remaining lowest-frequency
LO phonon modes are depicted in Figure S16. Low-frequency
LO phonons facilitate rapid phonon—exciton energy exchange,
promoting efficient energy transfer. Furthermore, the density
of the lowest frequency LO phonon modes in S-Br-MBABr (n
= 1) is significantly higher than that in Rac-Br-MBABr (n = 1),
providing more energy channels and thereby promoting the
radiative recombination of the charge carrier.

Ordering of Lattice Structure

A tentative explanation for the reduced exciton—LO phonon
coupling strength and reduced defects in chiral perovskite can
be proposed based on the inspection of the structural ordering,
including the inorganic perovskite cage and the intermolecular
interactions. Rac-Br-MBABr (n = 1) crystallizes in the
centrosymmetric space group Pnma, while chiral S-Br-
MBABr (n = 1) adopts the helical symmetric space group
P2,2,2 (Tables S3—S4). Single crystals of other systems are
also systematically compared (Figures S17—S24 and Tables
S5—-S10). The distortion of the inorganic lattice plays an
important role in lattice dynamics, which influences optical
properties.”” Table 1 and Tables S11 and S15 summarize the
key metrics for quantifying structural distortions in the
inorganic perovskite layer. To quantify the average distortion
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Table 1. Comparison of the Structural Parameters for Chiral
and Achiral 2D Perovskites

S-Br- Rac-Br-
MBABr MBABr
structure parameters (n=1) (n=1)
average Pb—Br bond length (A) 3.0346 3.0893
standard deviation of bond length 0.0864 0.1826
difference between maximum and minimum 0.2552 0.4222
bond lengths (A)
average quadratic elongation 1 1.0003 1.0029
average equatorial Pb—Br—Pb angles (/) 152° 153°
difference between maximum and minimum 114 10.8
bond angles (deg/in plane) Af
distortion index (bond length) (D) 0.0204 0.0485
effective coordination number 5.842 5.280
bond angle variance (6%) 39 36
optical bandgap (eV) 3.74 391

degree of the intraoctahedron, the distortion index (D, bond
length), bond angle variance (¢*), and bond length quadratic
elongation ({1)) are calculated by using eqs 2—4:>>*"

6

1 Id. — d,|
D=—- z S %o
S d )
1 12
o’ = (—) 2 (6,— 90y
S (3)
PG
==X
6 {i=1} d, 4)

d; denotes the six Pb—X bond lengths, and d; is the mean
M-—X bond length. 6; corresponds to the octahedral Br—Pb—
Br bond angles. For an ideal octahedron, both D and o* are
exactly 0. Chiral S-Br-MBABr (n = 1) exhibits a 2-fold decrease
in the distortion index D (0.0204) and a higher inorganic
lattice ordering (Figure Sa,b). Additionally, we employed ab
initio molecular dynamics (AIMD) simulations to assess the
impact of temperature (0 and 300 K) on structural changes
(Figure S25 and Table S14). We further elucidate how chiral
organic cations induce structural ordering by calculating the in-
plane angular disparity (8.32° vs 10.68°) and out-of-plane
halide displacement (5.2° vs 6.5°), where both are reduced, a
trend consistent with that observed in the inorganic octahedra;
detailed computational methods are provided elsewhere.”* The
results demonstrate that chiral organic cations not merely
influence the structure through steric effects but also
fundamentally reshape the distortion pattern of the octahedral
network via symmetry breaking.

Combined with all single crystals, the result reveals that
chiral perovskites in the S/Rac-X-MBA (X = Br, Cl) systems
exhibit smaller octahedral distortion indices, while the S/Rac-
X-MBA (X = F, 3Br) systems show reduced distortion in
achiral configurations. However, as evidenced by temperature-
dependent absorption spectra, all chiral 2D perovskites exhibit
a weaker exciton—LO phonon coupling strength. This leads us
to hypothesize that the distinct intermolecular interaction
networks and the overall chiral helical symmetry play a more
dominant role in enhancing the rigidity of the lattice structure
than does the octahedral distortion. This abnormal phenom-
enon has never been observed before. All chiral 2D perovskites
form ordered zigzag-type mechano-interlocked networks via
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interlayer or intralayer molecular forces through the synergistic
effects of halogen bonding (XB) and hydrogen bonding (H--
B), and rigid helical symmetric structure through chiral
stereoisomeric configurations (Figure Sce and Figures S26,
S$28, S30), significantly enhancing lattice stability and rigidity.
In contrast, such structural features are absent in their achiral
counterparts (Figure Sd,f and Figures S27, $29, S31).

Furthermore, Figure Sg;i illustrates the characteristic phonon
vibration modes associated with octahedral twisting in S-Br-
MBABr (1 = 1) and octahedral compression in Rac-Br-MBABr
(n = 1) resulting from interactions with organic molecules.
Additional related phonon vibration modes are depicted in
Figure S32. The excitonic band structure analysis reveals that
the Pb-6s orbitals at the valence band maximum (VBM)
exhibit greater distortion in Rac-Br-MBABr (n = 1) with
respect to S-Br-MBABr (n = 1) (Figure Sh—j). Moreover, the
unoccupied Pb-6p orbitals at the conduction band minimum
(CBM) become more localized in Rac-Br-MBABr (n = 1)
(Figure Sh—j and Figure S33). These findings can be
attributed to the increased octahedral distortion observed in
Rac-Br-MBABr (n = 1), consistent with the structural analysis
above.

Lasing Properties

We constructed a room temperature continuous wave (CW)
green laser by sandwiching the perovskite film in a quartz
matrix between a bottom distributed Bragg reflector (DBR)
mirror and a top Ag mirror (320 nm), forming a Fabry—Pérot
(F—P) cavity (Figure 6a, Figure S34). Figure S35 and Figure
6b,c show the emission spectra at varied pump intensities of a
room temperature femtosecond laser and CW laser, revealing
the emergence of lasing with the increased pump power. Figure
6d shows the corresponding light—light curve and the cavity
mode line width—evolution curve.”> The lasing threshold is
1.57 W cm™?, which is one of the lower values ever reported at
room temperature (Table S16). Simultaneously, the line width
undergoes a rapid reduction. The superlinear intensity
dependence is fitted to the power law I = & with p = 7.2
above the threshold. The highest lasing quality factor is 1800
with a narrow fwhm of 0.3 at ~555 nm, which is also the
narrowest fwhm for a perovskite CW laser at room
temperature (Figure 6e, Table S16). Meanwhile, the emission
from the devices is typically linearly polarized. The degree of
polarization (DOP = (I, — Lnin)/(Lnax + Iiin), where I and
I, are the maximum and minimum emission intensities) of
the lasing mode is 75% (Figure 6f), significantly higher than
that of the SE peak (<5%). As shown in Figure 6g, strong
interference fringes are identified around the overlapping area
between the real space and its inverted images, and the
distance surpasses 15 cm, which indicates the buildup of long-
range spatial coherence. Figure 6h and Figure S36 show green
lasing with well-defined spatial coherence (beams) when
operated above and below the threshold, respectively. These
spectra clearly illustrate the line width-narrowing effect, linear-
to-super linear transition, the first-order spatial coherence, and
the dominance of lasing emission over spontaneous emission
beyond the lasing threshold. Figure 6i shows that during
continuous pumping for 30 min, the laser output intensity
remains above 90% of its initial value, after which a slow decay
trend is observed. This indicates that the device indeed
maintains efficient and stable operation.
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Figure S. Top-down view of the crystal structures of (a) S-Br-MBABr (n = 1) and (b) Rac-Br-MBABr (n = 1). An in-plane distortion of the
octahedra can be clearly observed. Single crystal structure and analysis of intermolecular interaction for (c,e) S-Br-MBABr (n = 1) and (d,f) Rac-Br-
MBABr (n = 1). Participating phonon vibration modes are associated with (g) octahedral twisting in S-Br-MBABr (n = 1) and (i) octahedral
compression in Rac-Br-MBABr (1 = 1), where red arrows indicate the direction of atomic vibrations. Partial charge density for the CBM and VBM
of (h) S-Br-MBABr (n = 1) and (j) Rac-Br-MBABr (n = 1).

B CONCLUSIONS design of chiral perovskites with an enhanced network for both
short-range nanoscale lattices and long-range superstructures.
The methods for decreasing defects, increasing phase purity,
and smoothing the dynamic excited-state transfer pathways will
promote the development of highly efficient and stable
perovskite optoexcitonic devices.

Our study proposes a strategy to design low-entropy, halogen-
containing chiral S-X-MBA (X = F, Cl, Br, 3Br) hybrid
perovskite with an abnormal chiral coupling effect. This design
introduces a chiral stereoselective effect, multiple inter/
intramolecular interactions, ordered helical symmetric super-
structure, and mechano-interlocked networks, excluding the B METHODS
inorganic octahedral distortion as the determined factor for
emission efficiency. It increases lattice ordering and rigidity,
weakens exciton—phonon scattering, and reduces the losses Formamidinium bromide (FABr, >99.99%), methylammonium bro-
from defects, promoting phase purification and highly eflicient mide (MABr, >99.99%), and lead bromide (PbBr,, >99.99%) were

excited-state transfer. Consequently, room-temperature low purchased from Advanced Election Technology Co, Ltd (,S) ()4
hreshold. stabl i 1 d 359 Bromo-alpha-phenylethylamine (S)-BrMBA and (racemic)-(—)-4-
threshold, stable continuous-wave lasers, and over ° bromo-alpha-phenylethylamine (Rac)-BrMBA were purchased from

Starting Materials

increment of PLQY compared to that of its achiral counterpart Alfa Aesar. (S)-4-Fluoro-alpha-methylbenzylamine (S)-FMB,; 4-
were realized. A bright perspective was introduced, that is, the fluoro-alpha-methylbenzylamine (Rac)-FMBABr, (S)-1-(4-
9199 https://doi.org/10.1021/acsnano.5¢18306
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Figure 6. Lasing properties. (a) Schematic structure of the lasing device with an emission layer sandwiched between DBR and Ag mirror. (b)
Evolution of PL spectra under various pump fluences by 405 nm CW laser excitation. (c) Evolution of normalized PL spectra under various pump
fluences by 405 nm CW laser excitation. (d) Corresponding PL intensity against increasing pump fluences on the log—log scale. (e) PL spectrum of
the laser above threshold. (f) Polar plots of emission intensity at pump fluences below (orange) and above (green) the threshold. (g) The image of
the Michelson interferometer with two arms to probe the first-order spatial coherence below and above Py,. (h) PL images of a chiral S-Br-MBABr
(n = 2)-based device with pump fluence above Py, The top-left inset shows laser beam profiles captured by the beam profiler. (i) Lasing stability
tests under 405 nm CW laser pumping at room temperature in air with a relative humidity of ~40—50%.

chlorophenyl)ethanamine (S)-CIMBA, 1-(4-chlorophenyl)-
ethanamine (Rac)-CIMBA, (S)-1-(3-bromophenyl)ethylamine (S)-
3BrMBA, and 1-(3-bromophenyl)ethylamine (Rac)-3BrMBABr were
purchased from Aladdin. (S)-BrMBABr, (racemic)-BrMBABr, (S)-
FMBABr, (racemic)-FMBABr, (S)-CIMBABr, (racemic)-CIMBABr,
(S)-3BrMBABr, and (racemic)-3BrMBABr were purchased from
Xi'an Polymer Light Technology Co., Ltd. Chlorobenzene (CB),
DMF, and DMSO were purchased from Sigma-Aldrich. HBr (48 wt %
in H,0) was obtained from Alfa Aesar and used without further
purification. Unless otherwise stated, all materials were used without
purification.

Synthesis of Layered (S/Rac)-XMBA,PbBr, (X = F, Cl, Br,
3Br) Single Crystals

Single crystals of all of the chiral MHPs studied here were grown by
slowly cooling over 60 h from a hot (95 °C) aq. HBr solution of
PbBr, and chiral amine in a 20 mL sealed vial in air. As a general
synthesis procedure of layered perovskite single crystals, 0.5 mmol of
PbBr, and 1 mmol of (S) or racemic-BrMBA were separately
dissolved in 6 mL of HBr by heating at 95 °C for 30 min. On cooling
the solution slowly from 95 °C to room temperature with a cooling
rate of 1 °C/h, white single crystals formed gradually. The synthesis
method of other single crystals is the same as above.
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Preparation of Perovskite Solution

The perovskite precursor (S/Rac)-Br-MBA,FAPb,Br, was prepared
by dissolving stoichiometric ratios of each of FABr, (S)-BrMBABr,
(racemic)-BrMBABr, and PbBr, (chiral amine:FABr:PbBr, = 2:1:2
molar ratio) in DMSO at a concentration of 0.4 M. The solution was
stirred for 12 h in a N,-filled glovebox at room temperature and was
filtered through 0.22 um filters before use. The synthesis method of
the other perovskite solution is the same as above.

Fabrication of Perovskite Films

Quartz glasses (15 mm X 15 mm, Advanced Election Technology
Co., Ltd.) were sonicated in deionized water, acetone, and 2-propanol
for 10 min each sequentially. The surface of the quartz glass substrates
underwent oxygen plasma treatment for 10 min to achieve a
hydrophilic surface. After treatment, the substrates were transferred
to a N,-filled glovebox for deposition of the perovskite layer. S0 uL of
perovskite precursor solution was spin-coated onto precleaned quartz
substrates at 1000 rpm for 10 s, then 5000 rpm for 50 s, during which
200 L of CB solution was dropped onto the spinning perovskite film.
The samples were annealed at 95 °C for 10 min. For transient
absorption and luminescence measurements, 5 wt % PS CB solution
was spin-coated onto the samples at 5000 rpm for 30 s for protection.
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Fabrication of the Quasi-2D Perovskite Laser Device

The quartz glass was used as the substrate to construct the devices. A
magnetron sputtering machine was employed to deposit oxide sources
(SiO,, Ta,0s, 99.9%). First, 7 pairs of 63.21 nm SiO, and 93.57 nm
Ta,O; were deposited alternately to fabricate the bottom DBR,
followed by the prepared perovskite film via the spin-coating method.
Then, PMMA (220 mg/mL) was spin-coated on the surface with a
spin rate of 4000 rpm. Finally, 320 nm Ag was deposited as the top
DBR. The bottom DBR mirror and top Ag mirror show high
reflectivity (98.50% and 99.93%) at a wavelength of ~550 nm.

Single-Crystal XRD and Powder XRD Measurement

Powder X-ray diffraction spectra were recorded using a SHIMADZU
XRD-7000 X-ray diffractometer equipped with a 9 kV Cu Ka source.
Single-crystal XRD structure analysis was performed at 298 K on a
Bruker D8 VENTURE instrument (Mo Ka radiation, A = 0.71073 A
operating at 50 kV and 30 mA). Structural parameters were obtained
by SHELXT and refined by SHELXL. The crystallographic structure
was then visualized by using VESTA and OLEX2 software.

AFM and SEM Measurement

Atomic force microscopy (AFM) (Bruker Dimension ICON) tests
were conducted in tapping mode. SEM measurements were carried
out on perovskite films deposited on quartz by a Zeiss Sigma300
SEM.

Ultraviolet—Visible Absorption and PLQY Measurement

Ultraviolet—visible (UV—vis) absorption spectra were collected by a
UV—vis—NIR spectrometer (UH-5700, Hitachi, Japan). The absolute
PLQY was obtained with a UV—NIR absolute photoluminescence
quantum yield spectrometer (Quantaurus-QY Plus C13534-12,
Hamamatsu Photonics, Japan).

Transient Absorption Spectra

Transient absorption spectroscopy was performed using the output of
a Ti:sapphire fs laser amplifier system (Spitfire Ace, Spectra-Physics)
of 800 nm centered wavelength, 70 fs pulse width, and 5 kHz
repetition rate. Pump wavelength was tunable by pumping an optical
parametric amplifier (TOPAS, Spectra-Physics), and the super-
continuum of the probe pulse was obtained by focusing the 800
nm pulses onto a 2 mm CaF,.

Time-Resolved Photoluminescence Spectroscopy
Measurement

PL decay curves were monitored at the PL center wavelength of each
sample using an FL920 fluorescence spectrometer (Edinburgh
Instruments, UK) under ambient conditions with 370 nm picosecond
laser excitation. The data collected was based on time-correlated
single photon counting (TCSPC).

Temperature-Dependent PL Spectral Measurement

For temperature-dependent PL measurements, polycrystalline thin
films prepared on quartz substrates were mounted in a cryostat
(INSTEC, HCP421 V-PM) with liquid nitrogen to control the
measurement temperature. The samples were excited by continuous
wave (CW) laser excitation at a wavelength of 405 nm and 20 K
intervals.

Temperature Dependent Absorption Spectral
Measurement

Temperature dependent absorption spectra was performed using an
Avantes spectrometer (AvaSpec-ULS2048CL-EVO) with samples
kept in a cryostat. Liquid nitrogen was used to control the
temperature.

Lasing Characterizations

For ASE and femtosecond (fs) laser measurements, we used a home-
built microscope setup for lasing PL spectroscopy measurement. The
fundamental 1030 nm beam from a Yb:KGW laser (Pharos, Light
Conversion Ltd.) with a temporal resolution of 212 fs was focused
onto a barium metaborate (BBO) crystal to generate a high-power
343 nm excitation light (212 fs, 1 kHz) by third harmonic generation.
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The pump beam was focused onto perovskite film samples by a
microscope with an objective. The emitted light from the samples was
collected by the same objective lens and was collected by liquid
nitrogen cooled detectors (NOVA highly sensitive spectrometer,
ideaoptics, NOVA 2s and NOVA PG2000 with spectral resolutions of
0.18 and 0.07 nm, respectively) via a multimode fiber with the pump
light filtered. For CW laser operation, a CW solid-state laser (40S nm,
maximum power S0 mW; Sapphire SF, Coherent) was used to
generate the excitation light. The excitation light was focused down to
about 50 ym in diameter through a 5X objective (Renishaw, NA =
0.15), with input power altered by neutral density filters. The emitted
light from the samples was collected by the same objective lens by
semiconductor refrigeration detectors with a resolution of 0.05 nm
(Renishaw inVia). The bottom DBR (7 pairs of SiO,/Ta,0;) is
designed to be highly transparent at the pump wavelength (reflectivity
<5% at 405 nm). The top Ag mirror (320 nm) serves as a highly
reflective back mirror (reflectivity ~ 99.93% in the 400—750 nm
range) and is opaque to the pump beam. The excitation laser (405 nm
continuous-wave or 343 nm femtosecond pulsed) is thus designed to
be incident from the DBR side and cannot penetrate the top Ag
mirror. The generated fluorescence or lasing emission (~550 nm) is
reflected by the Ag mirror and exits from the DBR side. The
excitation light (343 or 405 nm) is filtered out using an optical filter,
so that only the coupled emission signal is detected by the
spectrometer. The continuous-wave laser stability test was conducted
in air without controlled environmental humidity, with the relative
humidity maintained at approximately 50%.

First-Principles Density Functional Theory (DFT)
Calculations

The underlying first-principles DFT calculations were carried out by
using the plane-wave pseudopotential method as implemented in the
Vienna Ab initio Simulation Package (VASP).*® The exciton—ion
interactions were described by the projector augmented wave
pseudopotentials.”** We used the generalized gradient approxima-
tion formulated by Perdew, Burke, and Ernzerhof as the exchange-
correlation functional.*” A kinetic energy cutoff of 520 eV was
adopted for wave function expansion. Structures were fully optimized
including van der Waals (vdW) interaction,’® until the residual force
was converged within 0.02 eV A™'. The k-point meshes were applied
with an interval smaller than 2z X 0.03 A~ for the excitonic Brillouin
zone to ensure that all enthalpy calculations converged within 0.02
eV/atom. Spin—orbit coupling was included in the excitonic structure
calculations. The AIMD simulations lasted 20 ps with a time step of 2
fs based on an NVT ensemble with Nosé—Hoover temperature
control within a 2 X 2 X 1 supercell for (S-Br-MBA),PbBr, and a 2 X
1 X 2 supercell for (Rac-Br-MBA),PbBr,. Phonon dispersions were
calculated by the real-space supercell method and the finite difference
method implemented in the Phonopy code.’’ To consider the
anharmonic effects, the DynaPhoPy code was employed to evaluate
the phonon dispersions by extracting the phonon quasiparticles from
Mb/glg) simulations using the normal-mode-decomposition techni-
que.
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Figure. S1 Distortion index for perovskite structures resolved in this study (1-8).
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Figure. S4 Pump-fluence dependent emission spectra of (a) S-F-MBABr (n=2); (b) Rac-F-
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Structure and excited state dynamics of perovskite film

(020)
o

Rac-Br-MBABr (n=2)

—— S-Br-MBABr (n=2)

(040) (0010}

Intensity(a.u.)
=

(002)

- O 2D (n=1)
(008) (0010) O 2D (n=1)
] O 3D
(006)
A A
[ I
20 30

[
40 50

20(degree)
Figure. S5 Crystallographic orientation characterization of chiral S-Br-MBABr (n=2) and
achiral Rac-Br-MBABr (n=2) film: 1D XRD patterns.
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Figure. S6 SEM images of chiral S-Br-MBABr (n=2) (a) and achiral Rac-Br-MBABr (n=2)
film (b).
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Figure. S7 Statistic roughness of chiral S-Br-MBABr (n=2) and achiral Rac-Br-MBABr (n=2)
film in different region.
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Figure. S8 (a) TA spectra at selected timescales of chiral S-Br-MBABr (n=2) and (b) achiral
Rac-Br-MBABr (n=2). The time unit in the up-left inset is ps.
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Figure. S9 Pump fluence-dependent normalized band-edge exciton relaxation kinetics of



(a) chiral S-Br-MBABr (n=1) and (b) achiral Rac-Br-MBABr (n=1).

We hypothesize that the disparity in energy/excited state transfer kinetics could be
attributed to a greater prevalence of defect sites in the achiral 2D phase, which trap charge
carriers, thereby resulting in diminished transfer efficiency. As shown in Figure. S9, we
conducted pump fluence-dependent TA spectra to demonstrate the hypothesize, relevant
analysis is given below.

For both pure 2D perovskite films at low excitation fluence, a slow decay dynamics
process is exhibited, but the achiral sample occur at a flat and almost changeless region
during 1-100 ps, followed by gradually decay. Concerning excited-state transfer for achiral
RDPs sample (Figure. 3d), charge trapping from pure 2D (n=1) phase can be identified as
a sudden decrease in the TA kinetics immediately after the signal build-up which is clearly
visible at the low excitation levels of the shorter wavelength excitation (370 nm), followed
by a process of relaxedly decrease and steeply decrease at higher fluxes (Figure. S9b)
once the number of excited carriers fill trap density. Whereas, the signal of chiral 2D
perovskites demonstrate a sustained reduction trend without flat region under low-energy
excitation, with an acceleration in carrier decay rate as pump energy increases (Figure.
S9a). This phenomenon suggests that chiral perovskites possess a lower density of defect
states, preventing the trapping of carriers by defect states.

The conclusions drawn from transient absorption could be explained more cautiously.
The slower decay in the racemic film is interpreted as a result of trap states. This is possible,
but other effects such as self-trapped excitons or stronger exciton-phonon coupling could
contribute. It would be helpful to present fitted decay components with uncertainties, or to
provide additional support from time-resolved PL or power-dependent PL. A clearer
justification would strengthen the cause-and-effect relationship proposed in the paper.

The significantly different dynamics likely result from a combination of several factors.
First, stronger exciton-phonon coupling (Figure. 4, Table S2) may promote the localization
of excitons into self-trapped exciton (STE) states, thereby slowing down energy
delocalization and inter-well transport. Second, a higher concentration of defect sites in the
achiral 2D phase (Figure. S9 and related analysis) may act as traps for charge carriers,
further reducing transfer efficiency. We consulted relevant literature (e.g., Chem. Rev.
2023, 123, 8154-8231; Chem. Rev. 2019, 119, 3104-3139; J. Am. Chem. Soc. 2015, 137,
2089-2096) and combined it with our data for the following analysis: Time scale of self-
trapped excitons (STE): In two-dimensional/three-dimensional lead halide perovskites,
exciton self-trapping (forming STE) is typically an ultrafast process (<1 ps to a few
picoseconds)' because it involves strong coupling between carriers and lattice distortions.
Once formed, the recombination lifetime of STE (especially radiative recombination) can
vary from tens of picoseconds to several nanoseconds, depending on the specific system
and environment. However, the key points are: i) STE formation itself is extremely fast and
should manifest within the first few picoseconds after excitation; ii) In TA spectra, STE
typically exhibits a characteristic, redshifted, broadened Photobleaching, which differs from
the band-edge exciton ground-state bleach (GSB) signal?. In Figure 3d, the GSB signal of
the n=1 phase in the achiral sample shows a gradually decreasing trend within the 2—10
ps time window. This time scale is too slow for STE formation (which should already be
complete) but is reasonable for the slow trapping of carriers by deep defect states. More



importantly, we did not observe a significant, time-evolving new characteristic peak in this
region (~400-700 nm). Therefore, while the presence of a small amount of STE cannot be
completely ruled out, the shape and kinetics of our TA data do not support STE as the
dominant mechanism responsible for the signal decay between 2—10 ps.

Time scale of exciton-phonon coupling: Energy relaxation due to strong exciton-
phonon coupling (hot carrier cooling) also primarily occurs on an ultrafast time scale from
the first few hundred femtoseconds to a few picoseconds (e.g., Nat. Mater. 23, 937-943
(2024); Nat. Commun. 6, 8420 (2015)). It mainly affects the initial energy distribution and
thermalization of carriers, rather than dominating the decay kinetics of exciton population
on picosecond to nanosecond time scales. The slow decay observed in Figure 3d, which
persists for hundreds of picoseconds after 2 ps, occurs on a time scale far exceeding that
of typical hot carrier cooling and phonon scattering processes. Thus, strong exciton-
phonon coupling is more likely to be one of the causes of initial exciton energy loss
(affecting PLQY), but is unlikely to be the dominant factor determining the long-term decay
dynamics after 2 ps.

Therefore, we conclude that the higher concentration of defect states in the achiral
film, acting as effective non-radiative recombination centers and energy traps, is a primary
factor leading to its inefficient EST, prolonged exciton lifetime (localization), and ultimately
weakened ASE performance. The chiral coupling effect significantly reduces defect density
by enhancing structural order, thereby optimizing the excited-state transfer pathways.



Electron-phonon interaction dynamics
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Figure. S10 The PL spectra for chiral S-Br-MBABTr (n=1) (green) and achiral Rac-Br-MBABr

(n=1) (brown) 2D perovskite film.
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the absorption spectra (a) for S-Br-MBABr (n=1) and (b) Rac-Br-MBABr (n=1).
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Figure. S12 Temperature dependent full-width at half-maximum (FWHM) analysis of the
absorption spectra (a,c) for S-Br-MBABr (n=1) and (b, d) Rac-Br-MBABTr (n=1).
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Figure. S13 The temperature-dependent full-width at half-maximum (FWHM) analysis of



the luminescence spectra (a, ¢) for S-Br-MBABr (n=2) and (b, d) Rac-Br-MBABr (n=2).
The exciton absorption peak exhibits blueshifts from 298 to 158 K in the n = 1 phase for
chiral and achiral perovskite, followed by a redshift due to structural phase transition at

lower temperatures (Figure. S11-S12)3. The PL peak exhibits redshifts from 298 to 158 K

in the n = 1 phase for chiral and achiral perovskite, followed by a blueshift (Figure. S13).
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Figure. S14 Contour map of the temperature-dependent normalized steady-state
absorption spectra of (a) S-F-MBABr (n=1), (b) S-CI-MBABr (n=1) (n=1), (c) S-3Br-MBABr
(n=1), (g) Rac-F-MBABr (n=1), (h) Rac -CI-MBABr (n=1) (n=1), (i) Rac -3Br-MBABr (n=1)
from 298 to 78 K with 20 K intervals; Temperature-dependent FWHM for the absorption



spectra of (d) S-F-MBABr (n=1), (e) S-CI-MBABr (n=1) (n=1), (f) S-3Br-MBABr (n=1), (j)
Rac-F-MBABr (n=1), (k) Rac -CI-MBABr (n=1) (n=1), (I) Rac -3Br-MBABr (n=1).



Supplementary Note 1. exciton-phonon coupling model
The broadening of temperature dependent PL is in connection with the interference of
lattice scattering with electron motion in various ways. The comprehensive broadening PL

can be described by the sum of broadening contributions, as following Equation 13:

r
['(T) =T +Tpa+T1o + Timp =To +v1aT + — 57—+ Fimpexp (— Ep/kgT)
exp( /kBT)—l

(1)

,where the first term [o is the temperature-independent inhomogeneous broadening, that

is related with the electron-electron interactions, impurities, dislocations and so on.*
Second term is longitudinal acoustic (LA) phonon scattering induced homogeneous
broadening, in which yLa is the coefficient of its LA phonon-exciton (or electron) coupling

strength, reflecting the deformation potential interaction that is linearly dependent on
temperature. Third term is the broadening contribution of longitudinal optical (LO) phonon-
exciton (or electron) coupling describing the Frohlich interaction between electrons and the
longitudinal electric field generated by LO phonon modes, where o is the coupling
strength of LO phonon-exciton (or electron), hw is corresponding to phonon energy,
relating to the frequency of weakly dispersive LO phonon branch. The last term is the
broadening on account of scattering of ionized impurities which is determined by their
average binding energy Eb. According to the previous report, since the perovskite is a polar

semiconductor, the contribution of I'a and Timp is insignificant comparing with that of o

and [Lo, so these two terms can be neglected here®6. Furthermore, the variation of phonon

energy as a function of temperature is also ignored. Hence, the correlation between the
FWHM of chiral and achiral 2D perovskite and temperature was fitted via the LO phonon

dominating model. It can be simplified as following Equation 24
_ I'Lo
rT =ro, +—exp( = (2)
where [0 is a temperature-independent constant that arises from scattering due to

structural disorder/imperfection scattering,”® I'Lo is the exciton—longitudinal optical (LO)

phonon coupling strength, ELo is the longitudinal optical phonon energy, T is the
temperature, and ks is the Boltzmann constant. The FWHM of the absorption and PL
spectrum is extracted, and then fitted the curve according to Equation 2 as shown in (Fig.
4e-h).



Within the harmonic approximation, the phonon dispersion spectra of Rac/S-Br-MBABr
(n=1) were calculated using the PHONONPY code (Figure 5a-b). These phonon spectra
lack consideration of thermal vibrations or entropy effects. Additionally, the complex
interactions between organic molecules and the Pb-Br layer give rise to certain soft modes,
resulting in the emergence of imaginary frequencies. This phenomenon is commonly

observed in organic-inorganic hybrid perovskites®10.The imaginary phonon modes with a

negative frequency is possible to be eliminated through distortions of the crystal lattice'-12.

a S-Br-MBABr (n=1) at 0 K b Rac-Br-MBABr (n=1) at 0 K
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Figure. S15 Phonon band structure and phonon density of states (PHDOS) of S-Br-MBABr
(n=1) and Rac-Br-MBABr (n=1) at 0 K.

(@) ~5.22meV ~6.96 meV

Figure. S16 Participating LO phonon modes in (a) S-Br-MBABr (n=1) and (b) Rac-Br-
MBABTr (n=1), respectively.



Supplementary Note 2. The calculation of distortion degree of the intra-octahedron
To quantify the average distortion degree of the intra-octahedron, the distortion index (D,
bond length), bond angle variance (02), bond length quadratic elongation ((A)) and effective
coordination number (CNe) is introduced.

1. Distortion Index (D) — Bond Length Distortion

The distortion index D measures the deviation of individual bond lengths from the average
bond length within an octahedron. It is defined as:

6
1N 1di—dol

6 (i=1) do

di denotes the six Pb—X bond lengths, do is the mean M—X bond length. D is dimensionless;
a value of 0 indicates a perfectly regular octahedron.

2. Bond Angle Variance (0?)

The bond angle variance quantifies the deviation of the ligand—metal-ligand angles from
the ideal octahedral value (90° for adjacent ligands, 180° for trans ligands). It is calculated

as:
12
1
o2 = (E) Z (0; — 90)2
=1

6 corresponds to the octahedra Br-Pb-Br bond angles. ¢?is in deg? a larger value
indicates greater angular distortion.

3. Bond Length Quadratic Elongation ({A))

The quadratic elongation provides a normalized measure of bond length distortion relative

to an ideal polyhedron. For an octahedron, it is defined as:
6

wes (@)

{i=1}

di denotes the six Pb—X bond lengths, do is the mean M—X bond length. (A) is dimensionless;
a value of 1 indicates no distortion, while values >1 indicate bond-length dispersion.

4. Effective Coordination Number (CNeff)

The effective coordination number (CNeff) for each metal site was calculated based on the
bond-valence approach using the formula:

do —d;
CNeff = Z exp [ B ]

where di represents the individual bond length, do is the mean M—X bond length, and B is
an empirical constant. The summation runs over all bonds within a defined cutoff distance.
This method accounts for bond-length distortions and provides a continuous measure of
coordination, which is particularly useful for comparing slightly distorted polyhedral
environments. All computational procedures are described in full detail, and the software
tools used (e.g., VESTA) are cited appropriately.
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Figure. S25 Top view and side view of crystal structure of S-Br-MBABr (n=1) and Rac-Br-
MBABr (n=1) at 0 and 300 K, respectively.

By averaging the atomic positions from the last 10ps (5000 steps with a 2fs step) of
AIMD simulations, it was determined that the root cause stems from the different
interactions of organic molecules with the Pb-Br layers. In S-Br-MBABr (n=1), the
octahedra effectively mitigates thermal vibrations through twist and rocking motions (Figure.
S25a-b), with the bond length deviation increasing only from 0.051 A at 0 K to 0.0654 A at
300 K (Table S14). Conversely, the Pb-Br layers in Rac-Br-MBABr (n=1) experience
perpendicular compressive stress from organic molecules, resulting in a reduction of the
Br-Br distances from 5.95 A at 0 K to 5.75 A at 300 K (Figure. S25c-d). This leads to a
significant increase in bond length deviation from 0.09 A at 0 K to 0.23 A at 300 K (Table
S14). Furthermore, the calculated octahedral Distortion Index indicates that Rac-Br-MBABr
(n=1) (0.049) exhibits a higher degree of disordering compared to S-Br-MBABr (n=1)
(0.019). The smaller distortion index of S-Br-MBABr (n=1) facilitates the energy/excited-
state transfer processes.
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Figure. S26 S-F-MBABr (n=1) perovskite single crystal structure and analysis
of intermolecular interaction.
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Figure. S27 Rac-F-MBABr (n=1) perovskite single crystal structure and analysis
of intermolecular interaction.



S-CI-MBABr (n=1)

intermolecular forces

2N,

v
\
Intralayer forces network S

Interlayer forces network D

C-CI...Cl 4.335, 4.256A Cl...H 3.059, 3.145, 3.008, 3.166A C-Cl...w 3.701 3.801 3.790A

Figure. S28 S-CI-MBABr (n=1) perovskite single crystal structure and analysis
of intermolecular interaction.

Rac-CI-MBABr (n=1)

intermolecular forces

C-Cl...H 2.971A C-Cl...w 3.421 3.715A C-Cl...Cl1 4.816A

Figure. S29 Rac-CI-MBABr (n=1) perovskite single crystal structure and
analysis of intermolecular interaction.
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Figure. S30 S-3Br-MBABr (n=1) perovskite single crystal structure and analysis
of intermolecular interaction.

Rac-3Br-MBABr (n=1)
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Figure. S31 Rac-3Br-MBABr (n=1) perovskite single crystal structure and
analysis of intermolecular interaction.

The organic molecules in S-Br-MBABr (n = 1) are centrosymmetric concerning the Pb-Br
octahedra body center (Figure S21). The NHs groups of the organic molecules engage
with the centrosymmetric facets of the Pb-Br octahedra, inducing twist motions within the
octahedra. However, in Rac-Br-MBABr (n = 1), the organic molecules display mirror
symmetry relative to the Pb-Br octahedral layers (Figure S22). These molecules interact



nearly perpendicularly with the interstitial spaces between Pb-Br octahedral layers,
applying axial compressive forces on the octahedra. The extent of axial compression within
Pb-Br octahedral layers varies due to size and electronegativity differences between NH3
and CHs groups.

S-F-MBA (n=1) crystallizes in orthorhombic perovskite with the organic modules
aligned parallel to one other (Figure S17). The hydrogen of the phenyl ring, having a partial
positive charge (the nucleophile), is attracted electrostatically to the negative potential belt
surrounding the C-F bond in the neighbouring molecule (electrophilic site), mainly
producing a network of hydrogen bonding (H---B) between A sites. The S-F-MBA molecules
adopt an antiparallel arrangement between layers, thereby forming a zigzag-shaped,
mechanically interlocked network of intermolecular interactions (Figure S26). S-X-MBA
molecules (X=ClI, Br) crystallize in an orthorhombic structure, with an antiparallel fashion
in interlayer or intralayer. The electron-poor o-hole site at the halogen forms a short contact
with the m-electron density of two carbons from the adjacent benzene ring S-3Br-MBA can
form an analogous network structure through the combined effects of XB and H---B, as
described above (Figure S30).

(a) ~2.025 meV ~3.411 meV ~14.06 meV

X

(b) ~10.225 meV ~12.86 meV ~13.753 meV ~15.468 meV
‘ WL AL I A
“W‘\j LV‘L,AA? | By
“_,(;r\(f 1Ty
[

Figure. S32 Participating phonon vibration modes associated with (a) octahedral twisting
in S-Br-MBABTr (n=1) and (b) octahedral compression in Rac-Br-MBABr (n=1),
respectively.



The electronic band structure analysis reveals that the valence band maximum (VBM)
of Rac/S-Br-MBABr (n=1) predominantly arises from the antibonding contributions of Pb-
6s and Br-4p orbitals, while the conduction band minimum (CBM) is primarily derived from

Pb-6p orbitals (Figure. S33), consistent with previous studies’314.

PDOS

Figure. S33 The electronic band structure and orbital projected partial density of states
(PDOS) of (a) S-Br-MBABr (n=1) and (b) Rac-Br-MBABr (n=1), respectively.
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Figure. S34 Transmission spectra of the DBR mirror and Ag mirror. The lasing wavelength
is shown with a dashed line.
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Figure. S35 (a) Rise of the pulse pumped lasing peak centered at ~555 nm with a narrow
central mode visible. (b) The integrated intensity of the 555 nm peak has an S-shaped
power dependence, with a superlinear transition phase around a threshold of 3.6 uJ/cm?
giving way to a linear response when the lasing threshold is surpassed. (c) Polar plots of
emission intensity at pump fluences above the threshold.

Figure. S36 The green output beam below threshold value.



Table S1 The ASE threshold of quasi-2D perovskite film.

Year Perovskite ions Threshold Threshold Stability
(nJ cm™2) lasing ASE/Lasing
201813 OA-MA-Br 17.8 / /
201816 NMA-FA-Br 8.5 / Continuous pulsed
NMA-FA-Br/1 19 laser excitation for

=32 h at ambient

condition
201817 BA-MA-Br 13.6 12.2 W em™2 /
201818 BA-FA-Br 21.5 27.2 WJ cm™? Output lasing

continues

uninterrupted for

longer than 6h
2018 PEA-MA-I 14 / /
20192 NMA-MA-I 19 36 uJ cm™2 /
2020%! PEA-FA-Br(n=4) 4.16 10 WJ em™ /
20202 PEA—Cs—Br (n=5) 26 / /
20202 NMA-FA-I 26 / /
2020 PEA-FA-Br 33.1 59 W cm? 0.5 h without
NMA-FA-Br 16.7 45 W cm? degradation
(2 kW/cm?)
2020% BA-Cs—Cl 9.6 6.5 pJ cm™ /
202226 DPEA-Cs—Cl/Br (n=3) 6.5 9.2 pJ em2 /
20232 BDA-Cs-Br 9.28 5.5 W em 55 h (T90, 1.1Pth)
4AMP-Cs-Br 12 8.9uJ cm™2 61 h (T90, 1.1Pth)
202428 OA-Rb/Cs-Br 13.5 17.8 pJ cm™ /
This S-BrMBA-FABr 6.36 nJ cm™2 1.57 W ¢cm™ 0.5 h without
work (n=2) degradation
(50% RH 1.6
W/cm?)

Table.. S2 Best-fitting parameters of the S/Rac-F-MBABr (n=1), S/Rac-CI-MBABr (n=1),
S/Rac-Br-MBABr (n=1), and S/Rac-3Br-MBABr (n=1) perovskites.

Sample Iy (meV) I'Lo (meV) ELo (meV)
S-F-MBABr (n=1) 30.4+0.22 22.5+0.79 30.7+1
Rac-F-MBABr (n=1) 34.8+0.16 30.6+2.69 49.3£2.2
S-CI-MBABr (n=1) 45.8+0.47 8.64+0.63 22.542.5
Rac-CI-MBABTr (n=1) 44.8+0.36 28.2+0.98 28.2+1
S-Br-MBABr (n=1) 57.5+0.03 5.72+2.78 73.5+0.01
Rac-Br-MBABTr (n=1) 70.2+0.34 39.6+1.6 65.6+1

S-3Br-MBABr (n=1) 27.7+0.39 25142 34.4422



Rac-3Br-MBABr (n=1)

25.240.13 42.142.6 51.2£1.5

Table. S3 Crystal data and structure refinement for S-Br-MBABr (n=1).

Identification code
Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/®

B/

y/°

Volume/A3

Z

pcalcg/Cm3

p/mm-’

F(000)

Crystal size/mm?3
Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3
Flack parameter

S-Br-MBABTr (n=1)
C16H20BreN2Pb
926.99

300.0
orthorhombic
P21212

34.826(3)
8.0150(5)
8.7914(6)

90

90

90

2454.0(3)

4

2.509

16.648

1688.0

0.15 % 0.08 x 0.02
MoKa (A = 0.71073)
4.634 to 55.014
-45<h<45,-9<k<10,-11<1<11

16689
5568 [Rint = 0.0673, Rsigna = 0.0987]
5568/108/216

1.066

R1 = 0.0792, wRz = 0.1723
R¢ = 0.1338, wR2 = 0.1918
1.75/-1.92
0.136(17)



Table. S4 Crystal data and structure refinement for Rac-Br-MBABr (n=1).

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/®

B/

y/°

Volume/A3

Z

pca|cglcm3

p/mm-?

F(000)

Crystal size/mm?3
Radiation

20 range for data collection/®
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Rac-Br-MBABr (n=1)
C16H20BreN2Pb
929.00

298.0

orthorhombic
Pnma

8.3041(6)
31.6934(19)
8.9826(6)

90

90

90

2364.1(3)

4

2.610

17.281

1696.0

0.1 x 0.02 x 0.02
MoKa (A = 0.71073)
4.714 to 55.002

-10sh<9,-41<k<41,-11<1<10

22308

2763 [Rint = 01378, Rsigma = 00832]

2763/30/120
1.020

Final R indexes [I>=20 (1)] R1=0.0479, wR2 = 0.0872
Final R indexes [all data] R1=0.1066, wR2> = 0.1093
Largest diff. peak/hole / e A3 1.11/-1.42



Table S5. Crystal data and structure refinement for S-F-MBABr (n=1).

Identification code
Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/®

B/

y/°

Volume/A3

Z

pca|cglcm3

p/mm-?

F(000)

Crystal size/mm?3
Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3
Flack parameter

S-F-MBABTr (n=1)
C16H20BrsF2N2Pb
666.00

240.0
orthorhombic
P212124

7.8545(3)
8.8030(4)
33.5312(16)

20

90

920

2318.45(18)

4

1.908

14.159

1184.0

0.22 x 0.18 x 0.02
MoKa (A = 0.71073)
4.784 to 54.958

-10sh<9,-11<k<11,-43<1<43

43922

5276 [Rint = 0.0886, Rsigma = 0.0555]

5276/36/126
1.040

R1=0.0456, wR2 = 0.1314
R+ =0.0555, wR2 = 0.1370

1.85/-2.15
0.024(8)



Table. S6 Crystal data and structure refinement for Rac-F-MBABTr (n=1).

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o

a/
B/

y/°

Volume/A3

Z

pca|cglcm3

p/mm-?

F(000)

Crystal size/mm?3

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Rac-F-MBABr (n=1)
C16H20BrsF2N2Pb
809.31

220.0

monoclinic

C2/c

34.513(5)
7.9690(9)
8.7920(11)

90

99.917(8)

90

2382.0(5)

4

2.257

13.951

1487.0

0.15 % 0.08 x 0.02
MoKa (A = 0.71073)
5.25 to 54.968

-44<h<44,-9<k=<10,-11<1<11

32267

2682 [Rint = 0.0795, Rsigma = 0.0471]

2682/78/144
1.013

Final R indexes [I>=20 (I)] R1=0.1008, wR2> = 0.2159
Final R indexes [all data] R1=0.1050, wR2 = 0.2177
Largest diff. peak/hole / e A3 1.53/-1.57



Table. S7 Crystal data and structure refinement for S-CI-MBABr (n=1).

Identification code S-CI-MBABTr (n=1)
Empirical formula Ci16H22BrsCl2N2Pb
Formula weight 840.08
Temperature/K 299.4(3)
Crystal system orthorhombic
Space group P212124
al/A 7.9135(3)
b/A 8.8066(3)
c/A 35.5777(18)

90
a/®

90
B/

90
v/°
Volume/A3 2479.45(18)
Z 4

2.250
pcalcg/Cm3

13.470
p/mm-?
F(000) 1552.0

Crystal size/mm3
0.34 x 0.28 x 0.15

Radiation
Mo Ka (A =0.71073)

. 4.58 to 61.592
20 range for data collection/®

Index ranges
-10 £ h<8,-11 <k<12,-36 <1< 46

Reflections collected 13380

Independent reflections 5846 [Rint = 0.0303, Rsigma = 0.0428]
Data/restraints/parameters 5846/0/230

Goodness-of-fit on F2 1.033

: . R1=0.0368, wR2 = 0.0797
Final R indexes [I>=2a ()]
Final R indexes [all data] R1=0.0544, wR2 = 0.0848
Largest diff. peak/hole / e A3 1.61/-1.43
Flack parameter -0.024(8)



Table. S8 Crystal data and structure refinement for Rac-CI-MBABr (n=1).

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/®

B

o

y/

Volume/A3
Z

Pcalcg/cm3

p/mm-?
F(000)

Crystal size/mm3

Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?2

Final R indexes [I>=2a ()]

Final R indexes [all data]
Largest diff. peak/hole / e A3

Rac-CI-MBABTr (n=1)
C16H20Br4Cl2N2Pb
838.07

220.0

orthorhombic

Pnma

8.2230(3)
31.4618(14)
8.8943(4)

90

90

90

2301.05(17)
4
2.419

14.514

1544.0

0.18 x 0.04 x 0.04

MoKa (A =0.71073)
4.76 to 55.066

10<h<9-40 <k <40,-11 < | < 11

70894
2684 [Rint = 0.0851, Reigma = 0.0293]
2684/0/125

1.004

Rs = 0.0395, wR; = 0.0833

R1=0.0449, wR2 = 0.0856
1.51/-2.25



Table. S9 Crystal data and structure refinement for S-3Br-MBABr (n=1).

Identification code S-3Br-MBABTr (n=1)
Empirical formula C16H22BrsN2Pb
Formula weight 929.00
Temperature/K 299.70(10)
Crystal system monoclinic
Space group P24
al/A 8.7920(2)
b/A 7.88540(10)
c/A 18.0045(3)

90
al®

97.500(2)
B/

90
v/°
Volume/A3 1237.55(4)
Z 2

2.493
pcalcg/Cm3

24.629
p/mm-?
F(000) 848.0

Crystal size/mm3
0.04 x 0.04 x 0.01

Radiation
CuKa (A =1.54184)

. 10.148 to 129.934
20 range for data collection/®

Index ranges
-10=h<10,9<k=<9-21=<s1=<21

Reflections collected 21337

Independent reflections 4191 [Rint = 0.0776, Rsigma = 0.0334]
Data/restraints/parameters 4191/1/230

Goodness-of-fit on F2 1.056

. . R1=0.0427, wR2=0.1122
Final R indexes [I>=2a ()]
Final R indexes [all data] R1=0.0427, wR2=0.1122
Largest diff. peak/hole / e A3 1.25/-2.80
Flack parameter 0.004(9)



Table. S10 Crystal data and structure refinement for Rac-3Br-MBABr (n=1).

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/®

B

o

y/

Volume/A3
Z

Pcalcg/cm3

p/mm-?
F(000)

Crystal size/mm3

Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?2

Final R indexes [I>=2a ()]

Final R indexes [all data]
Largest diff. peak/hole / e A3

Rac-3Br-MBABr (n=1)
C1sH20BreN2Pb

926.99

306.0

monoclinic

P24/c

17.920(5)

8.000(3)

8.761(3)

90

96.051(11)
90

1249.1(7)
2
2.465

16.354

844.0

0.18 x 0.08 x 0.02

MoKa (A =0.71073)
5.582 to 55.094

23 <h<23,-10<k=<9-10=<1l=<11

12253

2832 [Rint = 0.0435, Rsigma = 0.0493]
2832/60/104

1.154

R1=0.1111, wR2 = 0.2691

R1=0.1166, wR2 = 0.2720
3.47/-1.67



Table. S11 Crystal data and structure refinement for S/Rac-Br-MBABr (n=1).

Structure S-Br-MBABr Rac-Br-MBABr
(n=1) (n=1)
Pb-Br bond length 2.929(18) 3.3172(18)
2.991(4) 3.3117(17)
2.998(15) 3.0670(17)
3.050(3) 2.8950(17)
3.056(3) 2.9726(10)
3.184(4) 2.9726(10)
Average Pb-Br bond length (A) 3.0346 3.0893
Standard deviation of bond length 0.0864 0.1826
Difference between maximum and minimum 0.255 0.4222

bond lengths (A)

i i 1.0003 1.0029

Average quadratic elongation A
Average equatorial Pb—Br-Pb angles

geeq gles(B) 150° 153°
Difference between maximum and minimum 11.4 10.8
bond angle (deg/ in plane) AR
Distortion index (bond length) 0.0204 0.0485
Effective coordination number 5.842 5.280
Bond angle variance 39 36
Optical bandgap (eV) 3.74 3.91

Table. S12 The bonding analysis (bond length and integrated crystal orbital Hamilton
population (ICOHP)) for the nearest neighbor and next nearest neighbor N-H--Br bond in
(S-Br-MBA)2PbBrs4 and (Rac-Br-MBA)2PbBr4 perovskites

Name Nearest neighbor Next nearest neighbor
N-H--Br bond length(A) N-H--Br bond (A)
S-Br-MBABr 2.405 2477
(n=1)
Rac-Br-MBABr 2.303 2.391
(n=1)

Table S13 Bader charge analysis of different groups in (S-Br-MBA)2PbBrs and (Rac-Br-
MBA)2PbBr4 perovskites.

Name PbBr4 NH3 CH CHs
S-Br-MBABr 1.518 -0.333 -0.336 -0.061
(n=1)
Rac-Br-MBABr 1.473 -0.313 -0.330 -0.072

(n=1)






Table. S14 Crystallographic information of S-Br-MBABr (n=1) and Rac-Br-MBABr (n=1)
perovskites at 0 and 300 K via DFT calculation, respectively.

Structure

Pb-Br bond length
(A)

Average Pb-Br
bond length (A)
Standard deviation
of bond length (A)
Difference between
maximum and
minimum bond
lengths (A)
Average quadratic

elongation
A

Average equatorial
Pb-Br-Pb angles
(B, deg.)
Difference between
maximum and
minimum
bond angle (deg./ in
plane)
Distortion index
(bond length)

S-Br-MBABr
(n=1)at0 K
2.99722(0)
2.99722(0)
3.02553(0)
3.02553(0)
3.04885(0)
3.04885(0)
3.0239

0.051
0.138

1.05635

153.3; 153.3

0.00588

Rac-Br-MBABr
(n=1) at 0 K

2.97361(0)
3.00723(0)
3.00724(0)
3.14990(0)
3.17165(0)
3.19306(0)
3.0838

0.090

0.219

1.0135

158.7;145.5

13.2

0.02846

S-Br-MBABr

(n=1) at 300 K

2.92773(0)
2.98194(0)
2.98330(0)
2.98531(0)
3.06475(0)
3.12782(0)
3.0118

0.0654

0.20

1.0222

139.8;
150.8;162.6

22.8

0.019

Rac-Br-MBABr
(n=1) at 300 K
2.93565 (0)

2.98706 (0)

3.06518 (0)
3.06830 (0)
3.08402 (0)
3.57570 (0)

3.0893

0.23
0.64
1.0470
132.3;164.4

31.7

0.049



Table. S15 Crystal data and structure refinement for S-X-MBABr (n=1) and S-3X-MBABr
(n=1). X: F, Cl, Br
2D perovskite Space Groups Distortion Bond angle Bond angle

index D
variance g2 Difference AR

S-F-MBABr (n=1) P 212121 0.0304 49.56 14.57
Rac-F-MBABr (n=1) C 2/c 0.0117 15.76 0
S-CI-MBABFr (n=1) P 212121 0.0316 49.64 14.87
Rac-CI-MBABr Pnma 0.0419 36.67 11.7
(n=1)

S-3F-MBABr (n=1) P21 0.0211 53.45 14.22
S-3CI-MBABr (n=1) P 21 0.0186 48.66 14.18
S-3Br-MBABr (n=1) P 21 0.0180 45.11 14.12

Rac-3Br-MBABr P21/c 0.0107 17.98 0
(n=1)



Table. S16 Statistical Analysis of Perovskite Continuous Wave Lasing Threshold

Materials type Pump T(K) A(nm) Threshold  o0i(nm) Year
source (W cm™)
MAPDbI3 thin DFB 20ns, 2MHz 160 790 5k 1
20162°
films
MAPDbI3 thin DFB 445 nm, 102 785 17k 0.25
201730
films 920
ns,100 Hz
CsPbBrs NWs FP CW (405 4 524 1.45nw 0.09
201831
nm)
CsPbBrs NWs FP CW (450 77 533 6k 0.23
201832
nm)
MAPbBrs QD DFB CW (405 RT 538.7 15 0.45
201933
films nm)
MAPbCI3 QD DFB CW (405 RT 482 58 0.45
201933
films nm)
MAPbI3 QD DFB CW (405 RT 614 24 0.45
201933
films nm)
MAPbBr3 VCSEL CW RT 565 34m 0.8
. 20193
single crystal (405nm)
thin films
CsPbBrs FP CW <100 530 2.6k 0.3
202035
nanoribbon (405nm)
NMA2FAPbBr DFB CW (488 RT 555 45 0.8
202036
nm)
PEA2FAPbBr DFB CW (488 RT 553 59 1
202036
nm)
MAPbIs NCs FP CW RT 762 132nw 0.91-1.31
202197
(405nm)
(PEA)2Pbls thin | VCSEL CW (488 RT 537.4 5.7 0.42 S
flake nm)
MAPbBr3 VCSEL CW (488 80 5471 55.2 0.44 —
single crystal nm)
nanoplates
S-Br-MBABr VCSEL CW (405 RT 556 1.57 0.3 This
(n=2) nm) Work
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