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Efficient tuning of structural distortion is an attractive approach for regulating
self-trapped excitons emission properties of two-dimensional halide per-
ovskites. Nevertheless, it remains elusive as to how the structural distortion is
related with such emission. Here, we elucidate the relationship between
structural distortion and the emission behavior of self-trapped excitons in two-
dimensional lead bromide perovskites (R-NH3),PbBr, (where R is the cyclic
carbon group). We reveal that rather than the octahedral tilting distortion, the
lone pair activity-induced Jahn-Teller distortion plays a significant role in self-
trapped excitons emission. Consequently, with growing ring size of cyclic
organic cation, the increased Jahn-Teller distortion results in a larger relative
self-trapped excitons emission due to the enhanced short-range Holstein
electron-phonon coupling strength. Our work clarifies the controversy of the
structural distortion correlation on self-trapped excitons emission and pro-
vides valuable insights for structural engineering in white-light emitting
applications of two-dimensional perovskites.

Owing to their unique properties—such as ease of fabrication, large
absorption coefficients, and long-range balanced electron and hole
diffusion lengths—three-dimensional (3D) halide perovskites have
emerged as leading candidates for high-performance light-harvesting
and light-emitting technologies'®. Nevertheless, the practical imple-
mentation of these materials is constrained by their suboptimal
moisture and thermal stability’™™ In contrast, their two-dimensional
(2D) counterparts which inherit most of their excellent properties are
more chemical stable owing to the hydrophobic features of large
organic cation” ., Meanwhile, 2D halide perovskites have also
demonstrated their intriguing performance in light emitting devices

(LEDs) and photodetectors” . 2D hybrid lead halide perovskites with
a chemical formula of A,PbX, (where A is the organic cation and X is
the halide ion) are self-assembled quantum wells with one layer of
inorganic PbX, octahedra sandwiched by bilayer of organic cation®?',
The inherent quantum and dielectric confinement within this bilayer
configuration endows the material with a substantial exciton binding
energy, making it an ideal candidate for high-efficiency light
emission®>, In particular, 2D lead bromide perovskites with broad-
band white-light emission and high photoluminescence quantum yield
(PLQY) have recently garnered increasing attention for their potential
applications in used as single-emitting material in white-light light-
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emitting devices (w-LEDs) without requiring additional phosphors
used in conventional w-LEDs, which usually results in lower PLQY and
limited tunability of the color rendering index and temperature®® %,
This is because of their broadband PL emission arising from recom-
bination of self-trapped excitons (STEs) due to strong short-range
Holstein electron-phonon coupling, which could simplify w-LEDs
architectures by avoiding efficiency losses and spectral mismatches
inherent to traditional multi-phosphor systems. However, the ionic
nature of 2D halide perovskites and the weak noncovalent interactions
between organic and inorganic components lead to a soft lattice and
dynamic structural disorder, which complicates our understanding of
the electron-phonon coupling and thereby STEs in these materials® .
As a result, the manner in which structural distortions influence
electron-phonon coupling strength and STE emission remains a sub-
ject of intense debate. To date, two primary distortion parameters
have been identified as playing significant roles: out-of-plane inter-
octahedral tilting and Jahn-Teller (JT)-like octahedral distortion. For
instance, Smith et al. demonstrated that STE emission intensity cor-
relates strongly with the degree of out-of-plane inter-octahedral
tilting**. Such inter-octahedral distortion provides the necessary
structural flexibility and distortion to form localized potential wells for
exciton trapping. Nevertheless, Wang et al. hold that the JT-like octa-
hedral distortion is mainly responsible for the intense STEs emission®.
The JT distortion with asymmetric bond lengths is in fact the result of
the Pb off-center displacement induced by the Pb 6s’ lone-pair
activity>®”. Such lone-pair activity is due to the participation of partial
lone-pair electrons in their hybridization with Br 4p orbitals within the
PbBr¢ octahedra. On the other hand, the lone-pair activity will enhance
the short-range Holstein exciton-phonon coupling by inducing strong
local lattice distortions and structural instabilities, resulting in
enhanced exciton-phonon coupling potential and promotes the self-
trapping of excitons®**, Furthermore, prior investigations have often
centered on comparative analyses between halide perovskites pos-
sessing organic cations with markedly different molecular archi-
tectures (e.g., linear chains in contrast to aromatic moieties like
benzene). Different types of organic cations may result in distinct Pb-X
orbital interactions that alter the electronic states of the perovskites,
which, in turn, would obfuscate our analysis of the extent to which
organic cation-induced octahedral distortion affects the character-
istics of STEs emission.

In this work, we elucidate the relationship between the organic
cation-induced structural distortion and STEs emission in 2D lead
bromide perovskites using temperature-dependent PL and ultrafast
transient absorption (TA) spectroscopies complemented by density
functional theory (DFT) calculations. We choose a representative 2D
lead bromide perovskite (R-NH3),PbBr4, where R is the cyclic carbon
group of C,H,,; and n is the number of C atoms. The selected per-
ovskites employ cyclic organic cations of the same structural class
(cyclic alkylamines, C3-C6), which allows us to minimize the effect of
varying organic cation type on the electronic structure of the per-
ovskites. This in turn enables us to systematically study how distinct
structural distortions are induced by a subtle difference of the organic
cations (e.g., steric hindrance) and affect the electron-phonon cou-
pling strength in 2D perovskites. We reveal that with increasing ring
size of cyclic organic cation, the relative STEs emission’s intensity as
well as the phonon coherence intensity is enhanced significantly due to
the enlarged electron-phonon coupling strength. Such enhanced STEs
emission correlates strongly with the Pb off-center displacement-
induced JT distortion instead of the octahedral tilting distortion.
Meanwhile, temperature-dependent phonon coherence measure-
ments reveal that larger ring size of cyclic organic cation increases the
steric hindrance, resulting in a reduced lattice anharmonicity. Fur-
thermore, DFT calculations show that the enhanced JT distortion
results in an increase of exciton localization energy and Stokes shift.

Our results provide fresh insights into the structural distortion corre-
lation on the properties of STEs emission, which is not only of funda-
mental importance but also valuable for guiding the design and
optimization of perovskite-based single-emitter w-LEDs.

Results

Characterization of two-dimensional perovskite

To investigate how the structural distortion affect the STEs emission,
we first synthesized a series of 2D lead bromide perovskite single
crystals (SCs) with different cyclic organic cations, cyclopropylamine
(C3), cyclobutylamine (C4), cyclopentylamine (C5), and cyclohex-
ylamine (C6) using the reported anti-solvent diffusion method**°.
Representative schematic of the crystal structure of C6 perovskite is
shown in Fig. 1a. We then characterized these SCs and extracted their
crystal structures using single-crystal XRD. Supplementary
Tables 1 and 2 show the extracted crystal structures and the corre-
sponding reliability factors of these SCs. As shown, the crystal struc-
tures are consistent with previous report*. Meanwhile, the reliability
factors of our crystals are all smaller than 0.1, suggesting that our
synthesized SCs are of high pure phase*’. We obtained the SC flakes
using the mechanical exfoliation method. We then characterized these
SC flakes using scanning electron microscope (SEM) and energy-
dispersive X-ray (EDX) spectroscopy. Supplementary Fig. 1 shows the
SEM morphology and EDX images of these SC flakes. As shown, our
prepared samples are flat in surface and the chemical elements are
evenly distributed, which again suggests high quality of our synthe-
sized samples. Moreover, we found that photoluminescence quantum
yield (PLQY) of C3 and C5 perovskites are ~15%, much higher than those
of C4 and C6 perovskite (-5%) (Supplementary Fig. 2). Although the
PLQY varies from flake to flake (likely due to morphology differences),
the consistency observed across the samples further verifies the high
quality of our samples.

The optical properties of perovskites are in fact directly related to
their structural distortions (Fig. 1b). Here, we consider two typical
structural distortion parameters that have been widely acknowledged
to correlate with STEs emission** ¢ the out-of-plane component of the
octahedral tilting distortion D, (i.e., 180 — 6,,.) and the Pb off-center
displacement-induced JT distortion. Here, 6, refers to the out-of-
plane component of the angle between two adjacent PbBrg octahedra
in the 2D perovskite inorganic layer. Details of the definition and cal-
culation can be referred to Supplementary Fig. 3, Supplementary
Table 3 and Supplementary Note 1. The Pb off-center displacement

parameter o3 is calculated as 0% = 1 2 | (8, — 180)°, where §; is the Br—
Pb-Br bond angle between non-neighboring Pb—Br bonds. As shown in
Fig. 1c, with increasing the -NH5;" penetration depth, the inorganic
octahedral tilting distortion decreases associated with increase of Pb
off-center displacement parameter. These structural changes can be
understood based on the general rules of formation of a stable 2D
perovskite structure. In this scenario, as the ring size increases, which
will increase the distance between the N and halogen atoms (both
terminal and bridging, see Supplementary Fig. 4 and Supplementary
Table 4 for their definitions and lengths, respectively). For example,
when cyclic cation changes from C3 to C6, the penetration depth
increases from 0.21 A to 0.39 A while the terminal distance L; increases
from 3.36 A t0 3.39 A. As a result, the hydrogen bonding between -NH5"
and axial Br becomes weaker, which in turn reduces the pulling force
applied on the octahedra, leading to a decrease of the out-of-plane
octahedral tilting distortion. Our argument is consistent with the lit-
erature report®.

Cyclic organic cation-dependent emission
Next, we employ PL spectroscopy to investigate the properties of STEs
emission. Figure 1d shows the PL spectrum of 2D lead bromide
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Fig. 1| Cyclic organic cation-dependent STEs emission in 2D halide perovskites.
a Schematic of a representative C6 perovskite. The crystal structure includes one
layer of inorganic octahedra sandwiched by a bilayer of cyclic organic cation. The
grey, red, purple, and pink balls represent the Br, Pb, N and C atoms, respectively.
b Schematic of amnio group penetration and the corresponding terminal (Z;) and
bridging (L,) connections. & is the amnio group penetration depth. The graded
plane refers to the out-of-plane of the octahedral layer and Dy, corresponds to the
titling distortion. ¢ Extracted Pb off-center displacement parameter and the out-of-
plane octahedral tilting distortion as a function of amnio group penetration depth.

d PL (colored scatters) and absorption (black dotted curves) spectra of 2D halide
perovskites with different cyclic organic cations. The cyan and black shaded areas
refer to the curve-fits for FE and STE emission, respectively. The red-dashed curve
with arrow is the guide for the eye, indicating the shifting of the STEs emission’s
center position. All the samples are excited with a CW laser at 360 nm. e The ratio of
PLQY of STE emission to that of free exciton emission PLQYgz/PLQY as a func-
tion of the ring size of cyclic cation. The error bar represents the standard

deviation.

perovskites with different cyclic organic cations at room temperature.
As shown, the shape of the PL spectrum strongly depends on the type
of cyclic organic cations. The PL spectra of C3-C5 perovskites consist of
a sharp peak from free exciton recombination and a below-bandgap
broadband emission while that of C6 perovskite is dominated by the
below-bandgap broadband emission*. Such below-bandgap broad-
band emission has been widely reported in 2D lead bromide per-
ovskites such as (110) Pb-Br perovskites (N-MEDA)PbBr,, (EDBE)PbBr,
(N-MEDA = N-methylethane-1,2-diammonium and EDBE = 2,2"-(ethyle-
nedioxy)bis(ethylammonium)) and (C¢H;;NH3),PbBr,, which can be
attributed to the STEs recombination due to strong short-range Hol-
stein electron-phonon interaction, leading to small polaron formation
owing to exciton localization which is associated with large lattice
distortions****’. We note that this sub-bandgap broadband emission
may arise from recombination of exciton localized at defects or
impurities***°. Such defect-induced recombination would lead to a
saturated PL intensity when the pump intensity is relatively high®.
Nevertheless, this is inconsistent with our power-dependent PL mea-
surements which exhibit a linear dependence of the STEs emission
intensity on the pump power (Supplementary Fig. 5). Thus, such
below-bandgap broadband emission is due to the intrinsic STEs
recombination owing to strong electron-phonon coupling. Other than
the STEs recombination, the electron-phonon coupling also plays a
significant role in the free exciton recombination, which leads to a
reduced emission energy with increasing temperature (Supplementary
Fig. 6). Meanwhile, with increasing ring size of cyclic organic cation,
the out-of-plane octahedral tilting distortion is smaller and the Pb off-
center displacement is larger (Fig. 1c) whereas the Stokes shift (Fig. 1d)
and the ratio of PL intensity of STEs recombination to that of free
exciton recombination PLQY: /PLQY (Fig. 1e) become larger, indi-
cating a larger exciton localization energy and a stronger electron-
phonon coupling. Note that though 03 of C3 and C4 perovskites are

seemingly small, the lone-pair electrons are still present, which can be
verified from their nonzero octahedral angle variance o? and larger
than unity bond length quadratic elongation (1) (Table 1). On the other
hand, there is no obvious correlation between the absolute PLQY of
STEs emission and the ring size of cyclic cations (Supplementary Fig. 2
and Supplementary Table 5). The enhanced STEs emission with
growing size of cyclic organic cation agrees well with recent reports in
3D lead perovskites, suggesting the STEs emission correlates more
with the Pb off-center displacement-induced JT distortion®. In this
scenario, the increasing ring size of cyclic cation enhances the 6 s? lone
pair activity of the PbBr, octahedra, resulting in a stronger short-range
Holstein interaction and an easier formation of small polarons.
This can be understood as follows: as the ring size of cyclic cation
increases, its steric hindrance will be larger, which will enhance the
penetration of -NHs;* group into the PbBrg octahedral pockets. As a
result, the eccentricity of the PbBr¢ octahedra is enhanced, which can
be verified from Table 1. As shown, with growing ring size of cyclic
cation, three out of four in-plane Pb-Br bond length are longer while
one out of four in-plane Pb-Br bond length is shorter. Such aggravated
eccentricity of the PbBrg octahedra will strengthen the mixture of 6s>
lone pair electrons with empty Pb and Br orbitals via the second-order
JT effect, leading to an enhanced 6s? lone pair activity of the PbBrg
octahedra, thereby a stronger short-range Holstein interaction and
easier formation of small polarons”. Moreover, our results are also
consistent with the reports in (PEA),PbBr, (PEA= phenylethyl
ammonium) and (PMA),PbBr,, (PMA=phenylmethyl ammonium)
with their PL spectra dominated by free exciton recombination and
comparable to that of C3 perovskite, respectively*. Both exhibit rela-
tively weak electron-phonon coupling strengths because of
their negligible lone-pair activities (with 02 ~ 0, 03 ~ 0.5) and strong
lattice rigidities due to the T-t stacking interactions between organic

cations.
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Table 1| Extracted structural distortion parameters of 2D lead bromide perovskites with different cyclic organic cations

Pb off-center displacement Octahedral angle var- Bond length quadratic  Out-plane tilting dis- In-plane tilting dis- Tilting distortion
parameter 0% (deg?) iance 0? (deg?) elongation (1) tortion D, (deg) tortion D;, (deg) Dy, (deg)
C3 1.6x10® 4.0329 1.0000012 22.27 3117 33.82
C4 1.3x10°® 8.740M 1.0000248 21.89 19.30 31.73
C5 8.0x10° 25.4142 1.0000873 114 26.30 26.54
C6 174.9 34.73785 1.0006711 0 2114 2113
The octahedral distortion parameters can be evaluated from the octahedral angle variance 62 = 4 Y12, (a; — 90)?, the Pb off-center displacement parameter 03 = 12, (B, — 180)?, the bond length

quadratic elongation (1) = 1 ,6:1 (d,/du)z, where a;, B;, d; and d,, are the Br-Pb-Br bond angle, Br-Pb-Br bond angle between non-neighboring Pb-Br bonds, Pb-Br bond length, and mean Pb-Br
bond length, respectively. For an ideal octahedron, 67 =0, 6% =0 and () =1. Note that the 67 is not related with 0% given that 62#0 indicates local inversion symmetry breaking and thus long pair
active. The out-plane tilting distortion is extracted from Br-Pb-Br bond angle and it is described in detail in Supplementary Note 1.
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Fig. 2 | Cyclic organic cation-dependent electron-phonon coupling strength in
2D lead bromide perovskites. a Temperature-dependent PL spectrum of C4
perovskite excited with a CW laser at 360 nm. b Extracted FWHM of STEs emission

Temperature (K)

for C3-Cé6 perovskites as a function of temperature. The solid lines are the curve-fits
using Eq. (1). ¢ The estimated Huang-Rhys factor S as a function of the ring size of
cyclic cation.

Cyclic cation-dependent electron-phonon coupling strength

To verify the enhanced electron-phonon coupling strength, we con-
duct temperature-dependent PL measurements for all these SCs. Fig-
ure 2a shows a typical 2D contour-plot of temperature-dependent PL
spectrum of C4 perovskite excited with a continuous wave (CW) laser
at 360 nm. As shown, with increasing temperature, the center position
of STEs emission blueshifts whereas that of free exciton emission
remains nearly the same. Similar phenomenon is also observed in
other three perovskites (Supplementary Fig. 5), which is likely because
the energy level of STEs is higher due to the enhanced electron-
phonon coupling strength at higher temperatures®. Notably, center
positions of STEs emissions for C3 and C4 perovskites show significant
blueshifts when the temperature increases from 78 K to 150 K. This is
likely because of the involvement of additional scattering pathways
from localized vibrational motion of organic cation. Meanwhile, owing
to the presence of different scattering pathways such as from phonon
and impurity scatterings, the PL linewidth of STEs emission will
increase with temperature, which can be well described by the fol-
lowing equation®:

@

FWHM =2.36V/SE,, - | coth (;;’T)
where FWHM is the full-width-at-half-maximum (FWHM) of STEs
emission, £, is the phonon energy, S is the Huang-Rhys factor and kg is
the Boltzmann constant. By fitting the temperature-dependent PL
linewidth using Eq. (1), we estimate the involved phonon energies that
are in the range of 10-110 meV, in good agreement with previous
reports® . Details of the curve-fittings are shown in Fig. 2b. The
activated phonons are likely from optical phonons due to the torsional
motion of the R-NH3" group and the vibrational motion of Pb-Br
network. These phonon energies in general can be also considered as

the exciton-phonon renormalization energies®>**. Furthermore, they
are dependent on the type of cyclic cation, suggesting that the organic
cation plays a significant role in the vibrational properties of 2D halide
perovskites. Figure 2c shows the estimated Huang-Rhys factor S for
perovskites with different cyclic organic cations. As expected, S is
larger than 20 for all these four perovskites, indicating a strong
electron-phonon coupling and small polaron formation. In particular,
the highest S of ~ 130 estimated for the C6 perovskite which to our
knowledge is the largest value reported among 2D hybrid
perovskites™ ", Moreover, it is larger for perovskites with larger
cyclic organic cation, in good agreement with our previous
results (Fig. 1d).

Cyclic organic cation-dependent coherent phonon dynamics

To further verify the enhanced electron-phonon coupling strength, we
employed ultrafast TA spectroscopy to investigate the coherent pho-
non dynamics. Figure 3a shows the TA spectra of Cé6 perovskite
pumped at 320 nm at 80 K. The TA spectrum features a broad photo-
induced absorption (PIA) band between 400 to 600 nm (Supplemen-
tary Fig. 7). Such broad below-bandgap PIA which has been widely
reported in other perovskites can be attributed to the transition of
STEs to high-energy states®>®’. Meanwhile, strong oscillations are
superimposed on the TA kinetics. The presence of these oscillations in
general signifies the presence of coherent phonons which are laun-
ched by resonant-impulsive stimulated Raman scattering®>®*. In this
case, a femtosecond laser pulse generates coherent phonon wave-
packets and induces periodic lattice displacement. Such lattice dis-
placement then modulates the complex refractive index, which in turn
modifies transmittance of the sample. We extracted the oscillatory
components from the TA kinetics by subtracting the carrier population
contributions which are fitted using a sum of multiple-exponential
decay functions. Representative TA kinetics and the curve-fit are
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Fig. 3 | Cyclic organic cation-dependent coherent phonon dynamics in 2D lead
bromide perovskites. a 2D contour-plot of TA spectrum of C6 perovskite pumped
at320 nm at 80 K. b TA kinetics and the curve-fits probed at 398 nm. The inset is the
residual of the fitting. ¢ TA oscillation kinetics and the curve-fits probed at 398 nm
for C3-C6 perovskites. d FFT spectrum of the oscillation kinetics for C3-C6

perovskites. e Steady-state Raman spectra of C4-Cé6 perovskites at 80 K. The sam-
ples were excited by a CW laser at 633 nm. The colored rectangles refer to the
different phonon modes activated in TA measurements. f Schematic of M2 and M3
phonon modes of PbBr, octahedra motions. The M2 and M3 modes correspond to
Pb-Br bending and Br-Pb-Br scissoring motions, respectively.

shown in Fig. 3b. Figure 3c shows the cyclic organic cation-dependent
oscillation kinetics. It is obvious that the oscillation period increases
when the ring size of cyclic organic cation is larger. We then conduct
Fourier transforming of these oscillation kinetics to extract the acti-
vated coherent phonon modes. As shown in Fig. 3d, the activated
phonon modes are in the range of 30-70 cm™. Meanwhile, only one
phonon mode is present for all the perovskites, and the launched
phonon energy is smaller for perovskite with larger cyclic organic
cation.

To explore the properties of these activated phonon modes, we
perform non-resonant steady-state Raman scattering measurements
for all the perovskites at 80 K. Consistently, the launched coherent
phonon modes match well with the Raman measurements. At 80K,
four phonon modes below 100 cm™ labeled as M1, M2, M3 and M4 are
present in the Raman spectrum (Fig. 3e and Supplementary Table 6).
These phonon modes can be assigned to vibrational motion of the
PbBr octahedra and are different from other high-frequency modes
above ~100 cm™ that are dominated by localized motion of organic
cations®*“%, In particular, M2 mode in the range of 30 to 45 cm™ refers
to the in-plane octahedral rocking motion, whereas M3 mode in the
range of 65 to 80 cm™ corresponds to the out-of-plane shear motion of
the Pb-Br network. Details of these two modes can be found in Fig. 3f
and Supplementary Fig. 8. Furthermore, compared with the steady-
state Raman measurements, the activated coherent phonon modes for
C3 and C4 perovskites correspond to the M3 mode, whereas for C5 and
Cé6 perovskites, they refer to the M2 mode (Fig. 3d)*. On the other
hand, for C3-C5 perovskites, the neighboring octahedral layer stacking
corresponds to an eclipsed conformation, whereas for C6 perovskite,
it refers to the staggered conformation (Supplementary Fig. 9). This
indicates that the activated phonon modes are not likely to correlate
with the octahedral layer conformation. Here, we hypothesize that the
activated phonon modes instead may be relevant with the structural
distortions of the perovskites. For C3 and C4 perovskites with larger
out-of-plane octahedral tilting distortions owing to the shallower

amnio group penetrations because of their smaller ring-sized cyclic
cations, under femtosecond laser pulse excitation, the octahedral
network is probably to undergo the out-of-plane shear motions (i.e.,
M3 mode). In contrast, for C5 and C6 perovskites with much smaller
out-of-plane octahedral tilting distortions because of enhanced steric
hindrance from larger ring-sized cyclic cations, the out-of-plane octa-
hedral motions are likely to be restricted, and the octahedral network
is more likely to undergo the in-plane rocking motions (i.e., M2 mode).
A clear understanding of the correlation between the structural dis-
tortions and the activated coherent phonon modes is, however,
beyond the scope of our work. Future work is needed to clarify such
correlation. It is worth noting that the activated coherent phonon
modes in the phonon coherence measurements correspond to the
excited-state vibrational packets and thus are likely different from the
ground-state modes probed in the steady-state Raman measurement™.
Meanwhile, only modes with their periods larger than the pump pulse
duration can be activated in ultrafast TA measurements®. This sug-
gests that other high-energy modes though not activated in our pump-
probe measurements, may still couple strongly with the excitons.

Notably, in contrast to conventional phonon coherence mea-
surements based on ultrafast TA spectroscopy, where oscillations
typically appear on both the blue and red sides of the photobleaching
band, the phonon-induced oscillation in this study occurs within the
photoinduced absorption (PIA) region. This suggests that the activated
coherent phonons are likely involved in the STEs’ formation process.
Similar phenomenon has also been reported in other semiconductors
such as Cs,AgBiBr and colloidal CdSe nanoplatelet superlattices®*.
To further corroborate such phonon-assisted STEs formation process,
we compare the phonon-induced PIA oscillation amplitude for these
perovskites with different cyclic organic cations. As expected, when
the ring size of cyclic organic cation is larger, the phonon-induced FFT
intensity increases (Supplementary Fig. 10), indicating a stronger
electron-phonon coupling strength. This again is in good agreement
with our previous results (Fig. 2¢).
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Fig. 4 | Cyclic organic cation-dependent lattice anharmonicity in 2D lead bro-
mide perovskites. a TA oscillation kinetics and the curve-fits probed at 398 nm for
Cé6 perovskite at 80 K and 160 K. b Estimated temperature-dependent dephasing
rates of 2D perovskites for different cyclic organic cations. ¢ Temperature-
dependent Raman spectrum for Cé (top panel) and C4 (bottom panel) perovskites.
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The red dashed lines correspond to the FWHM of the Raman peak. The spectra
were collected using a CW laser at 633 nm. d Estimated anharmonic coefficients
from Raman (red line with scatter) and TA (blue line with scatter) measurements as
a function of the ring size of cyclic cation. The error bars are from the curve-fits in
(b) and Supplementary Fig. 14b.

Cyclic organic cation-dependent lattice anharmonicity

Earlier reports claim that when the perovskite lattice is softer, the
electron-phonon coupling strength will be larger, which will increase
the probability of carrier localization, resulting in a stronger STEs
emission®®®’, This is because the soft lattices with weaker interatomic
forces allow for larger amplitude atomic vibrations for a given energy.
These larger displacements will lead to a greater modulation of the
electronic potential experienced by the carriers, enhancing the scat-
tering probability and thereby the coupling strength. However, this
needs not be the case for hybrid perovskites. This is because electron-
phonon coupling strength is fundamentally governed by the complex
interplay between the material’s electronic structure and the anhar-
monicity of the specific phonon modes involved in the
interaction®>*>%%%°_ While the organic cation plays only a secondary or
auxiliary role, the latter is expected to exert a more significant influ-
ence on the electron-phonon coupling strength as the electronic states
are primarily dominated by the valence states of the inorganic
octahedra®’®; earlier work suggests that the organic cations con-
tribute more significantly to the overall lattice rigidity®®. Hence, it is
highly likely that the electron-phonon coupling strength contributed
by the inorganic octahedra is high, while the anharmonicity from the
organic cation is small.

To verify our hypothesis, we investigate the temperature-
dependent coherent phonon dynamics of these 2D lead bromide
perovskites. Figure 4a displays representative coherent phonon
dynamics of C6 perovskite measured at 80 and 160 K. As shown,
compared to the dynamics at 80K, the coherent phonon dephases

much faster at 160 K. Considering high quality of our samples, the
decrease of phonon dephasing time with temperature is likely because
of enhanced phonon-phonon scattering at higher temperatures®”. To
provide insights into the lattice anharmonicity, we fit the phonon-
induced TA oscillation kinetics using a damped sine function,
y=Ae~7sin(wt + @), where A, T, w, and ¢ are the amplitude, dephasing
time, phonon frequency and initial phase, respectively. From fitting of
the oscillation kinetics, we estimate the phonon dephasing time of ~ 2.9
and ~ 1.7 ps for temperatures at 80 and 160 K, respectively. Similarly,
shorter phonon dephasing time at higher temperatures is also
observed among other three perovskites (Supplementary Fig. 11 and
Supplementary Table 7). Meanwhile, negligible phonon shift is present
for all the four perovskites, indicating the absence of phase transition
across the temperature range of interest (Supplementary Fig. 12).
Figure 4b shows the temperature-dependent phonon dephasing
rate (i.e., I'=1/7) as a function of temperature for all the four per-
ovskites. As mentioned above, the phonon dephasing rate increases
with temperature because of enhanced phonon-phonon scattering at
high temperatures. Compared to C5 and Cé6 perovskites, phonon
dephasing rates of C3 and C4 perovskites are much higher, suggesting
a much larger phonon-phonon scattering rate. Consistently, the
Raman linewidths of C3 and C4 perovskites are much larger, as shown
in Fig. 4c. The larger phonon dephasing rates of C3 and C4 perovskites
are possibly because of the much easier reorientation of their smaller
organic cations, which would likely induce dynamic disorders and
thereby an increased phonon scattering rate?**°, Similar phenom-
enon has been reported in conventional semiconductors such as
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group-IV metal chalcogenides and 3D halide perovskites’””*. Mean-
while, such cyclic organic cation dependence also indicates that the
organic cation plays a significant role in the dephasing rate of the
activated phonons of the inorganic octahedra, in good agreement with
previous reports® 3, The phonon-phonon scattering-induced dephas-
ing rate can be in general described using the equation®®’>;

2
r=ro+Vo{1+hw} 2)
exp(m) -1

where y, is the anharmonic coefficient, fiw is the phonon energy, and
Iy is the temperature-independent phonon dephasing rate which is
generally dominated by the defect scattering®®. Details of the curve-fits
using Eq. (3) are shown in Fig. 4b and Fig. 4d. As shown, the dephasing
rates of C5 and Cé6 perovskites increase much slower with temperature
compared to those of C3 and C4 perovskites, suggesting the lattice of
the former two are more rigid. This is likely because of the steric
hindrance effect from large cyclic organic cations that limits
vibrational motions of the inorganic octahedra. To further verify such
steric hindrance effect from cyclic organic cations, we investigate the
temperature dependence of the incoherent phonon lifetime from
steady-state Raman measurements (Supplementary Fig. 13). We fit the

Raman peak using the Lorentz equation y = %ri'gz where A is the
(w—a)i) +y

integrated intensity of the peak, Iy is the Raman linewidth which is
usually dominated by the phonon-phonon interaction, and w; is the
phonon frequency’®. Temperature-dependent phonon decay rates
YR =7cly (where c is the speed of light in the vacuum) and the curve-
fits using Eq. (2) of the associated phonon modes for C3-C6 perovskites
are displayed in Supplementary Fig. 14 and Fig. 4d. Consistently, yg of
C3 and C4 perovskites exhibit much more obvious temperature
dependences compared to C5 and C6 perovskites (Supplementary
Table 8). The reduced lattice stiffness of 2D perovskites with increasing
ring size of cyclic cation can be further validated from the strain-
dependent Raman measurements (Supplementary Fig. 15, Supplemen-
tary Fig. 16 and Supplementary Table 9). Therefore, both our phonon
coherence and Raman measurements demonstrate a weaker lattice
anharmonicity in halide perovskites that show stronger electron-
phonon coupling strength, indicating that the lattice softness needs
not to play a significant role in the strong electron-phonon coupling.

Discussion

Our PL and TA measurements, modulated by different cyclic organic
cations, reveal that the JT distortion induced by Pb off-center dis-
placement is closely correlated with the STEs emission. The enhanced
STEs emission with increasing ring size of cyclic cation is attributed to
the increased JT distortion, leading to a stronger electron-phonon
coupling. To unravel the mechanism behind JT distortion-induced
STEs emission, we conducted DFT calculations. The optimized crystal
structures, band structures and projected density of states (p-DOS) are
shown in Supplementary Fig. 17. Figure 5a and b show the partial
charge densities of the electron and hole in the STE state for C3 and C6
perovskites. In the pristine 2D hybrid perovskites, both electron and
hole wavefunctions are delocalized across the lattice (Supplementary
Fig. 17). Upon introducing JT distortion, both electron and hole
become localized, confirming the formation of STEs®.

Furthermore, we calculated the configuration coordinate dia-
grams for all four perovskites and extracted the lattice deformation
energy (E4, the change in ground-state energy resulting from STE
formation) and the exciton self-trapping energy (£, the energy dif-
ference between the free exciton and the STE). As shown in Fig. 5¢c and
Supplementary Fig. 18, STEs formation is accompanied by lattice dis-
tortions, in good agreement with the polaron formation process.
Importantly, as the ring size of cyclic cation increases, the exciton self-

trapping energy also increases, leading to a reduction in the emission
energy (Fig. 5d), consistent with our PL results (Fig. 1d). The increased
E, would reduce the probability of exciton delocalization via thermal
phonon and defect scatterings, thereby enhancing STEs emission. This
indicates that the critical role of JT distortion in modulating the exciton
self-trapping energy.

Apart from demonstrating the structural distortion correlation
with STEs emission, we also show that with increasing ring size of cyclic
cation, the perovskite’s lattice is much more rigid while it exhibits a
much stronger electron-phonon coupling strength, which stands
contrasts with the typical behavior of STEs”. This indicates that while
the steric hindrance from large organic cations plays a non-trivial role
in reducing the phonon anharmonicity and lattice softness, it has more
impact on the structural distortion induced by Pb off-center dis-
placement. As a result, the resultant JT distortion is larger, leading to a
stronger STEs emission.

In summary, through cyclic cation-dependent optical measure-
ments, we correlate directly the structural distortion with STEs emis-
sion in 2D lead bromide perovskites. The increasing ring size of cyclic
cation leads to an enhanced steric hindrance that amplifies the Pb off-
centering displacement and lone pair activity, resulting in a stronger
short-range Holstein electron-phonon interaction and thereby an
enhanced STEs emission. Importantly, we show that lattice softness is
not a prerequisite for strong electron-phonon coupling strength in 2D
lead bromide perovskites. Our findings lay the foundation for the
fundamental understanding of the structural distortion-property
relationship in 2D lead bromide perovskites which will open new
pathways for the materials design and optimization by leveraging their
distortion degree of freedom.

Methods

Sample preparation

The (R-NH3),PbBr, single crystal micro-platelets were synthesized
using the anti-solvent method. 0.5 mmol alkylammonium bromide and
0.25 mmol PbBr, were dissolved in a mixed solvent of 0.25 mL DMF
and 0.25mL DMSO in a 5mL vial. The small vial was put in a big vial
with 10 mL chloroform and kept at 40 °C. After several days, the per-
ovskite crystals were formed in the small vial. The ORTEP-style illus-
trations of 2D perovskites with different cyclic cations are shown in
Supplementary Fig. 19. The X-ray crystallographic coordinates for
structures reported in this study have been deposited at the Cam-
bridge Crystallographic Data Centre (2518067-2518070).

Sample characterization

Single-crystal XRD were performed on Bruker D8 Venture under 150 K.
Energy-dispersive X-ray spectroscopy (EDX) mapping was conducted
on an FEI TITAN CUBED THEMIS G2300 equipped with a spherical
aberration corrector.

Transient absorption measurements

Micro-TA measurements were performed on perovskite microplatelets
using a home-built microscopic system integrated with a HELIOS
platform. A frequency-tunable pump beam was generated by pumping
an optical parametric amplifier (Coherent, OperA Solo) with the fun-
damental 800 nm output (1kHz, 100 fs) of a Coherent Astrella regen-
erative amplifier The white light continuum probe beam from 320 to
775nm (1.6 to 3.9 eV) was obtained by focusing a small portion of the
fundamental 800 nm beam on a sapphire crystal.

Photoluminescence measurements

Photoluminescence (PL) spectra were recorded with a Princeton Instru-
ments SP2500i spectrometer system. Excitation was focused through a
100x Leica objective (NA=0.95), and the backscattered emission was
collected by the same lens. The signal was then fiber-coupled to the
spectrometer and detected by a liquid nitrogen-cooled CCD.
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Density functional theory calculations

The density functional theory (DFT) calculations were performed using
the Vienna Ab initio Simulation Package (VASP), employing the Perdew-
Burke-Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA) for the exchange-correlation energy. Crystal
structure relaxations and electronic structure calculations for the 2D
hybrid perovskites (C3, C4, C5, and C6) were carried out using a plane-
wave cutoff of 550 eV and a 2 x 3 x 3 Monkhorst-Pack k-mesh grid. The
convergence criteria for total energy and forces were set to 10°eV and
0.01eVA™, respectively. The time-dependent DFT simulations were
carried out with CP2K to probe the excited states of 2D hybrid per-
ovskites. Calculations employed a 3 x 3 x 1 supercell of C3-C6 at the I~
point in both ground and excited states. The setup used molecularly
optimized double-zeta valence polarization basis sets, PBE exchange-
correlation functional, and Goedecker-Teter-Hutter pseudopotentials
with a 400 Ry cutoff. To model the structural response upon photo-
excitation, octahedral Jahn-Teller distortions were introduced by
shortening four Pb-Br bonds and elongating two Pb-Br bonds within
each octahedron, facilitating the formation of self-trapped excitonic
states. To construct a one-dimensional configuration coordinate dia-
gram, atomic positions were linearly interpolated between the excited-
state R ; and ground-state R¢ , equilibrium geometries. The overall

displacement was defined as AQ=1/>" ;M (R;; — Ri [.)2, where M is
the atomic mass, i=(x, y, z), k labels each atom and R is the atomic
coordinate, respectively. The coordinate Q was varied from O to AQ to
trace the potential energy surface along the structural distortion path.

Data availability
All data supporting the findings of this study are available within the
paper and its Supplementary files. Crystallographic data for the

structures reported in this Article have been deposited at the Cam-
bridge Crystallographic Data Centre, under deposition numbers
(2518067-2518070). Copies of the data can be obtained free of charge
via https://www.ccdc.cam.ac.uk/structures/. Any additional informa-
tion related to the study is available from the corresponding author
upon request.

Code availability

Vienna Ab initio Simulation Package (VASP), used for band structure
and DOS calculations, is available at https://www.vasp.at/. CP2K used
for STE calculations is available at https://www.cp2k.org/.
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