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Photo-induced dynamics of electronic processes are driven by the coupling
between electronic and nuclear degrees of freedom. Here, we construct one-
and two-dimensional organic-inorganic tin halides to investigate how dimen-
sionality controls exciton-phonon coupling and exciton self-trapping. The
results show that a one-dimensional system has strong exciton-phonon cou-
pling leading to excitation-independent self-trapped exciton emission,
whereas a two-dimensional system exhibits over ten times weaker coupling
resulting in free exciton emission. The difference originates from enhanced
Anderson localization in a one-dimensional system. Femtosecond transient
absorption experiments directly resolve room-temperature vibrational wave-
packets in a one-dimensional system, some of which propagate along the self-
trapped-exciton potential energy surface. A combination of wagging and
asymmetric stretching motions (<106 cm™) in tin iodide is identified as such a
mode, inducing exciton self-trapping. While no room-temperature wave-
packets are observed in a two-dimensional system. These findings uncover the
interplay between dimensionality-dependent exciton-phonon coupling and
electronic/nuclear dynamics, offering constructive guidance to develop mul-

tifunctional organic-inorganic metal halides.

Solution-processed low-dimensional hybrid organic-inorganic metal
halides have received considerable attention as promising materials
for efficient optoelectronic devices'™. Because of the soft ionic crystal
structure, their electronic states can strongly couple to the lattice
vibrations through the exciton-phonon coupling (EPC). This interac-
tion tunes the optical and electronic properties of the material,
opening relaxation channels for excitons and charge carriers’°. For
instance, in two-dimensional (2D) layered lead-halide perovskites
(LHPs), pronounced EPC often leads to the formation of a large
polaron, where the polarization of the local environment can shield

hot carriers, thereby slowing down the thermalization of the non-
equilibrium photoexcited carrier population via electron/hole-long-
itudinal optical (LO) phonon scattering or Auger heating process" ™.
Alternatively, since in ionic systems like LHPs, the Frohlich coupling of
the electrons and phonons engages mostly the low-momentum LO
phonons, the hot carrier cooling selectively excites only those pho-
nons, thereby rapidly establishing thermal equilibrium between the
selected LO modes and the charge carriers. This can drastically slow
down the further cooling of the hot carriers—an effect called hot
phonon bottleneck*”. The peculiar EPC thus inspires the
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development of versatile LHPs for possible future efficient hot-carrier
solar cells'. In one-dimensional (ID) and zero-dimensional (OD)
organic-inorganic metal halides, EPC often results in self-trapped
exciton (STE) emission with a large Stokes shift compared to the 2D
counterparts. Usually, the STE emission has a high quantum efficiency,
promoting its potential for developing white light-emitting diodes
(WLEDs)"%,

The femtosecond pump-probe techniques, including impulsive
stimulated Raman scattering (ISRS)?, impulsive vibrational
spectroscopy”, ultrafast electron diffraction”?, and femtosecond
transient absorption (fs-TA) spectroscopy*, allow for the real-time
observation of the photoexcited coherent phonon dynamics since a
short laser pulse can excite a coherent phonon wavepacket. By using
these methods, the carrier/exciton-phonon interactions in the 2D LHPs
have been comprehensively explored. For example, the studies of
coherent phonon dynamics in LHPs, including (PEA),Pbl, and (FPT)
Pbl,, reveal that the low-frequency vibrational modes (<60 cm™)
involving the bending and stretching vibration in lead halide octahe-
dra, play a crucial role in polaron formation and in that way modify the
hot carrier cooling process>*>***. As reduced dimensionality enhan-
ces both quantum confinement and lattice fluctuations, the strength of
EPC is inherently sensitive to a material's dimensionality. Although
strong EPC has been widely reported in low-dimensional halide per-
ovskites, these effects are usually discussed in terms of enhanced
confinement or polaron formation, rather than in connection with
dimensionality-induced exciton localization. In particular, the role of
such localization in governing EPC remains largely unexplored for
organic-inorganic tin halides, where dynamic disorder and soft lattice
modes are especially pronounced. Understanding how dimensionality
and localization jointly determine EPC provides a new perspective on
carrier-lattice interactions and offers practical routes to tailor the
optical and electronic properties of lead-free tin halides for envir-
onmentally sustainable applications in solar cells, light-emitting
diodes, and coherent light sources.

In this work, we tune the ligand concentration to prepare the 2D
and 1D Dion-Jacobson (DJ)-type organic-inorganic tin halides dressed
by a soft ionic lattice, leading to distinctly different coupling strengths
between the lattice vibrations and electronic structure in these two
systems. As we will show, the dimensionality has consequences for the
properties of excitons and their dynamics - in a 2D system, free exci-
tons (FEs) dominate, while in a 1D structure, STEs are formed. Using fs-
TA spectroscopy under 400 nm excitation, we reveal intrinsic differ-
ences between the FEs and STEs by comparing their excitation-
dependent electronic and temperature-dependent vibrational
dynamics. The STE population dynamics are independent of excitation
intensity up to very high exciton densities (>2.9 x 10%° excitation/cm?/
pulse), while in most 2D perovskites, Auger recombination appears
above 1.0 x 10" excitation/cm*/pulse. Moreover, coherent oscillations
are observed in the 1D system at room temperature, while the coher-
ence is absent in the 2D system. Based on Fourier transform analysis
and theoretical modeling of oscillatory wavepacket dynamics, we
establish a microscopic picture of vibrational dynamics in 2D and 1D
systems. We conclude that the ligand-modified EPC significantly
influences the phonon anharmonicity and lattice distortions in the tin
iodide, also altering the electronic dynamics. These studies unravel the
underlying mechanism for the dimensionality-dependent emission
and shed light on the lattice dynamics in low-dimensional organic-
inorganic tin halides.

Results

Structural and photophysical properties

DJ-type organic-inorganic tin halides ODASnl, and ODASn,l¢ (ODA =
1,8-octane-diamine) thin films were prepared by adjusting the molar
ratios between the organic cations and the tin halides (Supplementary
Note 1, Fig. 1a, b)***. The morphology, elemental composition, and

photoluminescence quantum yields (PLQYs) of these materials are
shown in Supplementary Figs. 1-3, demonstrating their good quality.
The powder X-ray diffraction pattern of ODASnI, thin film presents
periodic peaks at 13°, 20°, 27°, and 34°, which are similar to those in 2D
ODAPbI,, while the periodicity is absent in ODASn,l¢ thin film,
accompanied by the appearance of a new peak at 8° (Supplementary
Fig. 4)%. Fig. 1c displays the narrow emission of ODASnI, thin film and
the broad emission of ODASN;,l, thin film. Given the distinct emission
features and diffraction patterns, we thus conclude that the 2D phase is
dominant in ODASnl, thin film, while the ODASN,l, thin film has a 1D
nature. The real structures are probably disordered to some extent,
but the main feature, either being 1D or 2D, dominates these two
systems. In the following text, we refer to them as 1D and 2D systems.
In the absorption spectrum, we observed the excitonic peaks at 502
and 588 nm for the 2D system and 359 nm for the 1D system (Fig. 1d).
The low-energy peak (588 nm) in the 2D system corresponds to the
lowest exciton transition 1s. The 502 nm band originates from the
higher exciton transitions together with the band edge absorption.
The PL spectrum of the 2D system shows a relatively small Stokes shift
of ~27 nm (A, = 616 nm) with a weak low-energy tail. However, the 1D
system has a significantly larger Stokes shift of ~251 nm (A¢;,, = 610 nm).
We also notice a substantially longer PL lifetime and higher activation
energy in the 1D system compared to the 2D one (Supplementary
Figs. 5-7). These distinct photophysical properties suggest that the
electronic transitions in 2D ODASnl, and 1D ODASn,l¢ are dominated
by FE and STE states, respectively.

As the interplay between the electronic state and nuclear motion
is key to shaping both optical properties and dynamics, we aim for a
quantitative description of the exciton-phonon interaction strength.
For that, we use the Huang-Rhys (S) factors of the vibrational modes
that we determine both via experiments and computations. First, we
analyze the temperature-dependent fluorescence line width as
FWHM(T)=2.36fiw./S - 2n; +1) where FWHM is the full width at half
maximum, n; is Bose-Einstein occupation number, and 7w is the
effective mode energy (Fig. 1e, f)***°. The obtained S factor for the 1D
system is ~36 with the effective mode frequency of 160 cm™. We also
analyze the bandgap changes as a function of time via a combined
molecular dynamics - electronic structure calculation. From the
Fourier transform of the bandgap fluctuation autocorrelation func-
tion, we obtained a spectral density function that provides mode fre-
quencies modulating the bandgap and the relative strengths of the
corresponding S factors, as shown in Fig. 1g-i and Supplementary
Fig. 8. The final S factors were derived from an analogous expression as
above where instead of fluorescence FWHM, the root mean square of
the bandgap fluctuations was used (for more details see Supplemen-
tary Note 2)**, The fluorescence linewidth analyses lead to a larger
reorganization energy 1=} ;S;iw; than the calculated bandgap fluc-
tuations because the higher energy tail of the spectral density function
stretches beyond what is represented by the 3 modes that are used in
the analyses. The general agreement of the two methods provides
evidence for a strong displacement of the excited state nuclear equi-
librium position compared to the ground state. This leads to the for-
mation of the STE state and distorted lattice at the excited state of the
1D system, causing the broad red-shifted emission. In the 2D system,
the overlap with the absorption band might lead to partial self-
absorption, which could result in an underestimation of the FWHM.
Additionally, the weak emission tail at 660 nm, coming from the sur-
face trap states (SUT), makes the line-width analysis for the S factor
unreliable (Supplementary Fig. 9). Below, we will quantify the EPC
strength of the 2D ODASnl, using the method derived from the
oscillatory components in the fs-TA measurements.

Electronic dynamics
TA measurements used excitation at 400 nm (-3.1eV) and a broad
white light probe, allowing for to collection of detailed information on
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Fig. 1| Photophysical characterization and exciton-phonon coupling estima-
tion. 2D ODASnI, and 1D ODASN;,le thin films: a Normalized UV-vis absorption
spectra. Normalized pump, and probe spectra in fs-TA measurements; b and

e Schematic crystal structure (In the 1D structure, the four corner-sharing [Snls]*
moieties align along the c-axis like a glide plane separated by ligands)***”*; ¢ and

f Temperature dependence of FWHM; d Normalized PL spectra; For the 1D system:
g Calculated energy gap time-correlation function; h Normalized autocorrelation
function M(t) of the energy gap; i Fourier transform spectrum of M(¢). The Huang-
Rhys factor and effective mode frequency are shown for comparison.

exciton dynamics. As shown in Fig. 2a-f, the 1D and 2D systems show
very different TA signals. In the 2D system, we identify two ground-
state bleaching (GSB) bands at 506 and 584 nm, which are consistent
with the excitonic peaks observed in the steady-state absorption
spectrum. Three excited-state absorption (ESA) bands are observed
together with the two GSB bands. The ESA bands can have contribu-
tions from intra-band transitions, exciton-induced bandshifts (EIS)*
and exciton-induced dephasing (EID)****. Partial overlap of the ESA
bands with the GSB makes it difficult to disentangle the corresponding
contributions (Supplementary Figs. 10, 11). At the first 1ps, the GSB
bands show a slight red-shift (-3 nm), reflecting hot carrier cooling
(Supplementary Fig. 12a, b). With increasing excitation density, the
main band-edge bleach shows an obvious blue shift because of the
Burstein-Moss effect (Supplementary Figs. 12¢, 13a)***°. The previous
studies demonstrate that the bandgap renormalization due to the
photogenerated charge carriers, a so-called excitation-induced shift
(Supplementary Fig. 13b), can also affect the bandgap of the material,
typically resulting in a red-shift of GSB peaks***. These two effects
partially compensate each other, resulting in the observed slight GSB
red-shift. We here exclude the possibility of a direct-to-indirect band-
gap transition since the 2D system shows a direct bandgap and the GSB
red-shift appears promptly (within 100 fs), scaling with excitation
density (more details see Supplementary Note 3, Fig. S12). In Fig. 2d,
the TA spectrum of the 1D system shows a broad ESA signal across the
probe wavelength region. Such a spectrum is consistent with the STE
state seen in earlier studies*>**.

By using the singular value decomposition (SVD) global analysis
(GLA) method, we now quantify the excited state dynamics in these
materials. In the 2D system, we obtain four components: 7, ~210fs,
7,~56 ps, 73~ 620 ps, and 7, >5ns (see Supplementary Fig. 14). The
ESA signal at > 625 nm rapidly decays with a few hundred fs lifetime,
suggesting that the ultrafast component 7; corresponds to the hot
carrier cooling. The intensity-dependent TA measurements reveal that
the lifetime of the component 7; becomes longer at high excitation
intensities due to the hot phonon bottleneck (Fig. 2, Supplementary
Figs. 14-16 and Table S2)°. Conversely, the time constants7, and 7,
decrease dramatically. We explain this behavior in terms of general
second and third-order decay. Indeed, at the lowest excitation inten-
sity, the band-edge GSB kinetics show a linearity of AA™! as a function
of delay time at first 600 ps resulting from the second order process,
while at higher intensities they show the linearity of AA~2 vs delay time
(indicative for the third order process), see Supplementary Fig. 17 *5°°,
Given this behavior, the longer decay components should not be
directly interpreted as simple well-defined rate processes but rather
reflect a combination of the second-order Saha-Langmuir type carrier
recombination (evidenced by AA™! dependence), the third-order
Auger recombination at higher excitation intensities (evidenced by
AA~? dependence), and carrier-trapping by the surface states (evi-
denced by the low-energy emission tail in the steady-state emission
spectrum). In the 1D system, the GLA results also give four compo-
nents, but with notably different time constants (Supplementary
Fig. 18). The precise value of the fastest component of 480 fs has

Nature Communications | (2026)17:758


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-68544-8

a 0D b @ ‘ ¢ ‘ T
3] m ] nm 3.4x10% | 2D 600
10 Eé - 1.0 cst 340 .
& 107 sl N —=7 40400
Q = 0.5 2 - —=
1] 400 nm
E 1027’ | @2D é e Tps 200
| f~3.4x10" !
0l & all (ph/cm?/pulse) 0.0 J 0
500 600 700 800 900 012 10 100 1000 0 5 10 15 20
Wavelength (nm) Time (ps) f (x10™ ph/cmZpulse)
d 10% 1 moD € 1.0 @583 0 _ 12010 f D 60
- 1021 f~41x10" ko.z — | ESA 4-“10:17
& 1o omemipuse = Log | 8 sl s T 4 w0
2 27 Eos; a0l S 0
£ 17% 2: — 7.6x10 e O* :1 20
1S e 0.0- % —~ 0
500 600 700 800 900 0 1 2 10 1001000 0 20 40 60 80
Wavelength (nm) Time (ps) f (x10"* ph/cm?/pulse)

Fig. 2 | Exciton dynamics at different excitation fluences. Pseudocolor representation of fs-TA spectra, temporal kinetics, and time constants extracted from SVD
analysis of a-c 2D ODASnl, and d-f 1D ODASN,l, thin films. The excitation fluences are shown in the figures with the unit of photon/cm?/pulse.

considerable uncertainty since the first half-phase of the pronounced
oscillatory signal on the same timescale disturbs it. Still, it is clearly
present. We follow the model of two STE states in our previous work
with refinements based on the new data and closer analyses. For the
fastest component, we need to consider the nature of the initial state
directly after light absorption. The tightly packed 1D structures likely
support coherent delocalization over at least a few wires, then,
because of the strong EPC, we expect that the initially delocalized state
rapidly loses coherence and localizes analogously to the formation of
excitonic polarons in molecular complexes**. We therefore assign the
fastest component to the excited state localization, together with the
cooling and the initial phase of the STE formation. The assignment is
further supported by the similarity in spectral shape between the two
fastest components and the observed spectral shift to higher energies.
This is expected from an ESA signal reflecting the initial state relaxing
to lower energies, thereby increasing the ESA transition energy. The
second component of 2.8 ps converts the initial broad single-band
spectrum to a rather different form with two bands, indicating the
formation of a new state - STE,. The two longest components have
similar spectra, suggesting no further change in state character. The
longest component of > 5ns has half the amplitude of the 47 ps
component. This, together with the PL quantum yield of 37 % makes us
suggest that the 47 ps component corresponds to a nonradiative decay
channel due to some structural peculiarities that affect about 60% of
the excitations. The longest component (>5ns) represents the
remaining excitations that decay radiatively, consistent with the
observed long PL lifetime (Supplementary Fig. 5b). The ns-TA spec-
trum presents the broad ESA signals across the whole wavelength
detection window and the decay probed at 583 nm lasts over 2 ps,
which is well in line with the TRPL measurements (Supplementary
Fig. 19). Therefore, we assign this component to the radiative recom-
bination of the long-lived STE state. The kinetics of the 1D system do
not show almost any intensity dependence - this result is also very
different compared to the 2D system (Supplementary Figs. 20-24). It
means that the localized STE state is so well shielded by the defor-
mation of the local environment that they do not interact with each
other even at the excitation density over 2.9 x 10%° excitation/cm?/
pulse. Furthermore, the PL intensity increases linearly with the exci-
tation fluences (Supplementary Fig. 25), demonstrating that no addi-
tional nonradiative recombination channel appears in the 1D system at

higher excitation intensities. It also means that the PL in this system is
mostly the first-order process rather than the second-order electron-
hole pair recombination as in the bulk perovskite microcrystals®.

Vibrational dynamics

The ultrashort laser pulse can excite coherent vibrational wavepackets
of the modes coupled to the electronic transition. Their generation
mechanism can be described by a damped harmonic oscillator driven
by the external force (for details, see Supplementary Note 4). The
wavepackets oscillate on the potential energy surface with certain
mode frequencies, and the amplitude of these oscillations strongly
depends on the exciton-phonon coupling strength in the materials. As
shown in Fig. 2, a clear oscillatory signal appears in the 1D system at
room temperature. Interestingly, no oscillations can be observed in the
2D system. Considering that the EPC and phonon dephasing are sub-
ject to temperature, we also conduct fs-TA measurements at 77 K and
200 K. The time-wavelength spectrograms of differential absorption
are shown in Fig. 3a, b, and Supplementary Figs. 27, 28. We find that at
77 K, oscillations appear even in the 2D system. Since in this case we
excite high above the lowest band, most likely creating free charges,
the oscillations may be partially driven by the charge carrier coupling
to the phonons. However, the carrier cooling happens with a time
constant of 210 fs, which is much faster than the phonon oscillation
period. Therefore, we conclude that the exciton-phonon coupling
dominates the phonon coherence in the 2D system. After subtracting
the population dynamics from TA signals, we derive beating maps of
oscillatory components (Fig. 3¢, d and Supplementary Fig. 29). The
vibrational modes are analyzed from the oscillatory signals in terms of
a sum of damped cosine functions

1 t
Mo =" Ajexp <— ;) cos(2nv;t +¢;) @
i= 1

i=0

where A, 7, v and ¢ are the amplitude, dephasing time, mode fre-
quency, and phase of the i*" oscillating component, respectively. The
fitting results, presented in Supplementary Figs. 27, 28, 30, Table S3, 4,
reveal that the vibrational modes that appear in the TA dynamics are
very different in the two systems. The dephasing time of the dominant
phonon mode in the 2D system is over 1.4 ps, which is approximately
2.5 times longer than in the 1D system (-0.53ps). By Fourier
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Fig. 3 | Vibrational mode analysis of oscillatory wavepacket at 77 K. Pseudocolor
representation fs-TA spectra of a 1D and d 2D systems. Beating maps of oscillatory
components after subtracting the exponential decay: b 1D system; e 2D system.

Probe wavelength resolved vibrational frequencies of ¢ 1D and f 2D systems directly
obtained by Fourier transforming the differential TA spectrum. g Slices of Fourier

Frequency (cm™)

Frequency (cm™)

transformed beating maps at dominant mode frequencies. Vibrational spectra with
the Lorentzian fitting results: h 1D system (probed at 850 + 25 nm); i 2D system
(probed at 550 + 25 nm). V and M are used to distinguish the modes in these two
systems.

transforming the oscillatory signals, we uncover the frequencies of
vibrational modes and the amplitude of oscillations across the probe
wavelengths, presented in Fig. 3e-i, Supplementary Figs. 31,32, and
Table S5. The fitted vibrational spectrum allows us to assign five modes
in the 1D system: M2 (25cm™), M3 (43cm™), M4 (78cm™), M5
(103 cm™), and M6 (123 cm™). At higher temperature, a low-frequency
mode M1 (15cm™) appears, and a slight upwards shift of the mode
frequencies takes place, accompanied by the broadening of the bands
due to the enhanced phonon-phonon scattering. Especially, the M5
frequency changes to 106 cm™ at room temperature. In comparison,
the 2D system shows only three vibrational modes at 77K, all below
50 cm™, with the most intense peak at 47cm™ The V1 (3cm™)
represents the very low-frequency phonon wing and is probably
partially overlapping with the DC component. No such low-frequency
component is observed in the 1D system. All modes in the 2D system
are strongly damped and not visible at room-temperature dynamics.
We propose that the significant differences in vibrational modes of 1D
and 2D systems can be due to the variations in ligand concentration,
resulting in a distinct degree of lattice distortion and phonon
anharmonicity?.

We mention that the EPC strength estimation of 2D ODASnI, from
the temperature-dependent PL spectra is not reliable because of the
emission of a surface trap state. To facilitate the comparison of EPC
strength in these systems, we estimate the Huang-Rhys factor S for the

2D system by adopting a displaced harmonic oscillator model that has
been used for quantum dots and perovskites to obtain the EPC
strength from the coherent wavepacket TA signal>?*¢™*5, In this ana-
lysis, the EPC strength is proportional to the amplitude of the oscilla-
tory signal (AA.), which is related to the lattice reorganization energy
(1) through AA,,. =A - ";)—ED (for details see Supplementary Note 4). We
focus on the vibrational modes at the band-edge GSB signal (595 nm).
Using dg’—ED from the normalized absorption spectrum, we obtain the S
factor for all the modes, and the results are summarized in Supple-
mentary Table 6. The calculated S factors of the V3 and V4 modes are
0.8 and 1.3, respectively. This method cannot be used for the 1D system
since we do not observe the GSB bands in the detection window. Given
the previous results, we note that the exciton-phonon interaction of
the 2D system is drastically smaller than that of the 1D system - the
lattice reorganization energy is >30 times lower. Such a significant
difference can be attributed to enhanced disorder-induced Anderson
localization in the 1D system**~, The effect is further enhanced by the
inherently larger disorder and softness of the 1D system, the former
enhancing the localization, the latter making the localization response,
as the lattice deformation, stronger.

To elucidate the origin of the strong EPC in the 1D system and
assign the experimentally observed coherent vibrational modes, we
perform the first-principles calculations. Density functional theory
(DFT) calculations are carried out in Vienna ab initio Simulation
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Fig. 4 | Summary of vibrational dynamics and electronic processes. a Selection
of calculated vibrational modes and the corresponding atomic motions in
ODASN,l¢. Schematic illustrations of vibrational and electronic dynamics: b 2D
ODASnI4 and ¢ 1D ODASn,le thin films. FE: free exciton; STE: self-trapped exciton;
GS: ground state; SUT: surface trap states. The ultrashort pulse excitation initiates
coherent wavepackets on the electronic states via ISRS (oscillation on the ground
state) or DECP (oscillation on the excited state). The damping time of each domi-
nant mode is denoted by 74, with the mode frequencies labeled M for the 1D system
and V for the 2D system. The dominant mode M5 of the 1D system is assigned to the

Nuclear coordinate

104 cm™ mode in the calculations. Dashed double arrows depict oscillatory wave-
packet propagation. In the 2D structure, the high-energy excitation populates the
hot FE state that undergoes carrier cooling (-210 fs). Some carriers are trapped to
form the surface trap state and the second-order recombination, respectively. In
the 1D structure, the initial rapid dynamics consist of carrier cooling and self-
trapped exciton formation combined with wavepacket dynamics (-480 fs). Elec-
tronic relaxation happens between the two STE states. After that, ~-60% of excita-
tions decay nonradiatively, while the remaining ~40% contribute to PL emission.

Package (VASP) with finite differences approach and density functional
perturbation theory (DFPT)*. In addition, the temperature-dependent
velocity autocorrelation functions (VACF) are obtained from the Ab
initio molecular dynamics (AIMD) simulations. The resulting vibra-
tional density of states (VDOS) spectrum exhibits prominent peaks
below 250 cm™, with the strongest peak in the range of 80-110 cm™
(Supplementary Fig. 33). Consistently, the FFT analysis of the electro-
nic bandgap autocorrelation function in Fig. 1 also reveals a dominant
vibrational mode at 104 cm™, well matching the M5 mode obtained
from the TA dynamics. The electronic transition mainly involves the tin
and iodide atoms, suggesting these modes are closely related to the
atomic motions in tin iodide units (Supplementary Figs. 34, 35). The
temperature-dependent analysis of VACF further shows a shorter
dephasing time of these modes at elevated temperatures, smoothen-
ing away the distinct vibrational lines present at 77 K. Such vibrational
energy redistribution and dephasing reflect the anharmonic nature of
these vibrations. The vibrational mode assignments in the 1D system
are based on the finite differences calculations of the inorganic fra-
mework by excluding the organic component, since the inclusion of a
large amount of ODA ligands in one unit cell introduces a significant
challenge in convergence and increases mode complexity. We thus
discuss the lattice vibrations considering the closest correspondence
with experimental results. The vibrational modes at 23, 51, and 136 cm'®
are attributed to pure rocking, twisting, and scissoring of I-Sn-I,
respectively. The other modes represent mixed I-Sn-I motions:
twisting with rocking (34 cm1), twisting with asymmetric stretching
(77 cmY), I-Sn-1 wagging with asymmetric stretching (104 cm!), see
Fig. 4a, Supplementary Fig. 36, and Table 7.

Discussion

The coherent phonons can be generated either displacively in the
excited state or impulsively in the ground electronic state. In both
cases, to be visible in TA as oscillations, the potential energy surfaces
(PES) of the corresponding modes need to be displaced. Initiation of
the excited state wavepacket is thereby sometimes called displacive
excitation of coherent phonons (DECP). Since the phonons start at
maximum amplitude, they show cosine-like oscillations®****. The
ground state wavepacket is explained by the impulsive stimulated
Raman scattering (ISRS)***%*1%, In this case, the wavepacket starts with
negligible initial amplitude and thereby shows sine-like oscillations.
The initial phase of coherent oscillations indicates which excitation
pathway dominates in the excitation of the wavepacket*®. As shown in
Supplementary Fig. 37a, the oscillatory signal at 595nm in the 2D
system presents an initial phase of 1, which falls in the Franck-Condon
region evolving on the excited state PES. Along with the propagation of
the excited state wavepacket, the phonon oscillation at 550 nm shifted
by 1t out of phase relative to that at 595 nm, indicating that the wave-
packet has passed through the equilibrium position on the PES of the
FE state and is now oscillating on the opposite side. Additionally, the
V4 mode at 595 nm (GSB) and 550 nm (ESA) presents the phase of 1.8t
and 0.64Tr, which are between the sine- and cosine-like oscillation most
likely originating from their combination (Supplementary Table 3). In
our experiments, the 2D sample was excited above the bandgap, then
the vibrational wavepackets could form on both the ground and
excited states. It means that the oscillations in the 2D system generally
originate from both ISRS and DECP. The schematic vibrational
dynamics are shown in Fig. 4b. The fitted dominant mode frequencies
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(V4) at 595 nm and 550 nm have a difference of 2 cm™ falling in the
range of frequency uncertainty (3 cm?); therefore, we present that the
vibrational wavepackets propagating along the PES of the ground state
and FE state are the same. In TA measurements of the 1D system, we
only observe the ESA signals. The oscillatory signals at 500 and 851 nm
are almost perfectly in phase (Supplementary Fig. 37b). Taken toge-
ther, this suggests that the vibrational wavepackets reside on the
excited state induced via DECP. In the oscillatory signal analyses, we
notice that the M5 mode (106 cm™) is dominant with the highest
amplitude. The Fourier transform of the bandgap fluctuation auto-
correlation function is dominated by a mode of very similar frequency
(104 cm™), which gives the largest contribution to the reorganization
energy. Therefore, we conclude that the corresponding vibrational
wavepackets propagate along the STE formation potential energy
surface, and the M5 mode is related to the lattice distortion, driving the
system to be strongly self-trapping, see Fig. 4c.

The role of organic cations in modulating lattice distortions and
exciton-phonon coupling is well established in lead-based 2D
perovskites®!1>232556°63 Extending this framework, our study shows
that even without changing the chemical properties of the organic
cations, tuning the dimensionality from 2D to 1D via ligand con-
centration control leads to pronounced differences in exciton locali-
zation and phonon coupling. While the 2D system exhibits robust
excitonic features and FE emission consistent with quantum and
dielectric confinement®, the 1D system shows much stronger exciton
localization resulting in pronounced STE emission. The excitation-
intensity dependent TA measurements reveal that the STE population
dynamics remain largely unaffected by changes in excitation condi-
tions; however, the FE dynamics are significantly influenced by hot
carrier cooling and Auger recombination, particularly at higher exci-
tation intensities. The temperature-dependent TA measurements fur-
ther demonstrate that the coherent vibrational wavepackets on the
STE state in the 1D system are dominated by a phonon mode at
106 cm™ involved in the wagging and asymmetric stretching vibration
in [Snls], while the coherent vibrational wavepackets on the FE state
and the ground state in the 2D system have significantly lower fre-
quencies below 50 cm™.

In summary, our combined experimental and computational
analysis uncovers the critical role of dimensionality-dependent
exciton-phonon interactions in governing both the lattice dynamics
and electronic transitions, including exciton self-trapping, in organic-
inorganic tin halide systems. This modulation, achieved simply
through concentration-controlled tuning of the organic components,
provides fundamental insight into the relationship between the
structure and functionality in this emerging class of materials. More-
over, it establishes a framework for ligand-mediated control of
exciton-phonon coupling, opening new avenues for tailoring the
optoelectronic properties of lead-free hybrid metal halides for sus-
tainable photonic and energy applications.

Methods

Thin film preparation and characterization

The Octylenediammonium diodide (ODA-I,) is synthesized by follow-
ing steps: 1,8-Diaminooctane (1500 mg, 10.4 mmol) was dissolved in
ethanol (2 mL), followed by slow addition of HI (1.5 mL, 20 mmol). The
solvent is evaporated under reduced pressure to give a beige solid,
which is vacuum-filtered, washed with CH,Cl,, and dried at 120 °C
under vacuum for 3 h to afford DAO-I, as a white powder”. Then ODA-
I, and Snl, are dissolved in anhydrous DMF at volume ratios of 2:1 or 4:1
to prepare precursor solutions with a concentration of 1 mol-mL™. The
nm-scale thin films are spin-coated from the prepared precursor on a
clean substrate and annealed at 75 °C for 8 minutes. More details are
illustrated in the Supplementary. The film’s general morphology is
characterized using a Philips XL30FEG scanning electron microscope
(SEM) operated at 3 kV. Powder X-ray diffraction (XRD) measurements

are performed on a Pananalytical X'Pert Pro diffractometer equipped
with a Cu Ka X-ray source (1=1.5406A). Steady-state absorption
spectra are recorded using a UV-vis spectrophotometer (PerkinElmer
Lambda 1050). Photoluminescence (PL) spectra and time-correlated
photokinetics are obtained with a Horiba Spex 1681 spectrometer,
using 375nm excitation. For temperature-dependent PL, measure-
ments are taken during heating from 77 to 298 K. PL decay dynamics of
ODASN,lg are analyzed with a custom-built time-correlated single-
photon counting (TCSPC) setup, featuring Silicon single-photon ava-
lanche diodes (Si SPADs, IDQ100, quantum sensing), a time-tagging
device (QUTAG), and a 375 nm pulsed laser (EPLED Series, 100 kHz to
2.5MHz). The system’s time resolution is approximately 40 ps. PL
decay dynamics of ODASnI, are analyzed home-built TCSPC setup with
a 405nm picosecond pulsed laser (laser diodes, LDH-series, Pico-
Quant) for excitation. The adjustable repetition rate is 2.5 MHz with a
pulse duration of 20 ps. The single photon avalanche diode (SPAD,
PicoQuant) is used as a detector with a timing resolution as short
as 50 ps.

Femtosecond transient absorption measurements

Femtosecond to nanosecond transient absorption (fs-ns TA) mea-
surements are performed on a custom-built femtosecond
pump-probe spectroscopy. The laser source is a Solstice regenerative
amplifier (Spectra Physics; 8 W, 796 nm, 60 fs, 4 kHz) seeded by a Mai
Tai SP femtosecond oscillator (Spectra Physics). The seedling laser is
split into a pump beam (95% of full power) and a probe beam (5% of full
power). For the probe, the 1350 nm pulses generated by a collinear
optical parametric amplifier (TOPAS-C, Light Conversion) are focused
on a thin CaF, plate to generate supercontinuum white light, covering
the visible spectrum from 480 to 900 nm. The probe beam is then split
into two parts: one passes through the sample, and the other is sent
directly to the detector for reference. The pump pulse (70 mW,
400 nm, 100 fs) is produced by another collinear optical parametric
amplifier (TOPAS-C, Light Conversion), followed by frequency dou-
bling of the 800 nm pulses. The polarization angle between the pump
and probe beams is set to the magic angle (54.7°). The excitation
intensities are changed in sequence by using the neutral density filter.
To prevent photodamage to the samples, the sample position is
changed after each scan. For temperature-dependent fs-TA measure-
ments, samples are mounted in an Oxford cryostat under vacuum to
minimize moisture exposure. The excitation fluences for ODASn,l¢
and ODASnI, are fixed at ~ 1.2 x 10* and -2.0 x 10" excitation/cm?/
pulse. Global analysis (GLA) is carried out in the Glotaran software
package (http://glotaran.org), employing singular value decomposi-
tion (SVD) for global fitting incorporating multiple components®.

Computational details

All calculations are carried out with Vienna Ab initio Simulation Pack-
age (VASP) using the Projector Augmented Wave (PAW) method to
solve the Kohn-Sham equations®*®’. The exchange-correlation
potential is treated using the Perdew-Burke-Ernzerhof (PBE)
generalized-gradient approximation (GGA) in a non-spin-polarized
approach®. A plane-wave kinetic-energy cutoff of 520eV is used
throughout the electronic-structure calculations. The Brillouin zone
sampling for the electronic structure calculations is performed using a
reciprocal grid of 2 x 2 x 3. For structural optimization, a1 x 1 x 2
reciprocal grid is employed. Geometries are considered converged
when the residual forces are below 0.001eV-A™, and the total-energy
change is less than 107> eV. To obtain a more reliable bandgap by
reducing the known deficiencies of semilocal functionals, the hybrid
Heyd-Scuseria-Ernzerhof (HSE06) functional is used®®. Lattice vibra-
tional properties are evaluated using a finite-displacement approach.
Mode analysis is performed at the I point, using a tighter electronic
convergence of 1078 eV and a reduced plane-wave cutoff of 400 eV for
this step.
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Ab initio molecular dynamics (AIMD) simulations using the PBE
functional are performed to further investigate lattice dynamics. The
time-correlated energy bandgap simulation is first computed from a
2 ps trajectory propagated with a 20 fs time step. To investigate pos-
sible slower vibrational dynamics, the same bandgap-correlation ana-
lysis is repeated along extended trajectories up to 20 ps, using a 1 ps
sampling step and including Grimme’s D3 dispersion corrections
together with spin-orbit coupling (SOC). The temperature-dependent
velocity autocorrelation function (VACF) simulation runs over 20 ps
with a time step of 1fs (NVT ensemble, Grimme’s D3 dispersion cor-
rections and SOC). The vibrational density of states (VDOS) is derived
from the atomic velocity trajectories in the NVT ensemble. The VACF
and VDOS data processing is done by VASPKIT®”°, For each atom i, the
velocity autocorrelation function is evaluated as’®”

(1) =(vi(1) - vi(0)) 2

Where v,(1) denotes the velocity of the i atom at time . The angular
brackets denote an average over the entire simulation trajectory. For
convenience of comparison, the VACFs are normalized such that
¢;(0)=1 in the output. To obtain the overall VACF of the system, the
contributions from each atom are combined through a mass-weighted
summation:

N
Cm)=>_ mcy1) 3)
i=1

Where N is the number of atoms and m; is its atomic mass. Within the
harmonic approximation, the vibrational density of states is then
obtained from the Fourier transform of C(1):

1 o]
flw)= kB—T/, C (1) exp(—iwt) dt 4)

where w is the vibrational angular frequency, kg is the Boltzmann
constant, and T is the absolute temperature. At =0, C(0) is propor-
tional to the total kinetic energy of the system, C(0) « kT, according
to the equipartition theorem. The prefactor 1/(kgT) is introduced for
normalization purposes and serves to remove the explicit temperature
dependence of the mass-weighted VACF. In the present work, we omit
this constant prefactor and focus on the spectral shape; therefore, the
VDOS is expressed as

S(w)= /OC C (1) exp(—iwt) dt 5)

Data availability

The data that support the findings of this study are provided in the
main text and the Supplementary Information. Data supporting the
main-text figures are available via Figshare at https://doi.org/10.6084/
m9.figshare.30604079. More data are available from the correspond-
ing author upon request.

References

1. Zhang, F. et al. Advances in two-dimensional organic-inorganic
hybrid perovskites. Energy Environ. Sci. 13, 1154-1186 (2020).

2. Meng, X. et al. Organic-inorganic hybrid cuprous-based metal
halides with unique two-dimensional crystal structure for white
light-emitting diodes. Angew. Chem. Int. Edit. 63,

202411047 (2024).

3. Dai, L. et al. Slow carrier relaxation in tin-based perovskite nano-

crystals. Nat. Photon. 15, 696-702 (2021).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Gong, J., Hao, M., Zhang, Y., Liu, M. & Zhou, Y. Layered 2D halide
perovskites beyond the Ruddlesden-Popper phase: Tailored inter-
layer chemistries for high-performance solar cells. Angew. Chem.
Int. Edit. 61, €202112022 (2022).

Tsai, H. et al. High-efficiency two-dimensional Ruddlesden-Popper
perovskite solar cells. Nature 536, 312-316 (2016).

Luo, X. et al. Ultrabright blue lead-halide perovskite light-emitting
diodes based on phosphonic acid functionalized hole injection
layer. ACS Nano 19, 16850-16858 (2025).

Duan, H.-G. et al. Photoinduced vibrations drive ultrafast structural
distortion in lead halide perovskite. J. Am. Chem. Soc. 142,
16569-16578 (2020).

Gallop, N. P. et al. Ultrafast vibrational control of organohalide
perovskite optoelectronic devices using vibrationally promoted
electronic resonance. Nat. Mater. 23, 88-94 (2024).

Fu, J. et al. Organic and inorganic sublattice coupling in two-
dimensional lead halide perovskites. Nat. Commun. 15, 4562
(2024).

Srimath Kandada, A. R. & Silva, C. Exciton polarons in two-
dimensional hybrid metal-halide perovskites. J. Phys. Chem. Lett. 11,
3173-3184 (2020).

Park, M. et al. Excited-state vibrational dynamics toward the polaron
in methylammonium lead iodide perovskite. Nat. Commun. 9,
2525 (2018).

Biswas, S. et al. Exciton polaron formation and hot-carrier relaxation
in rigid Dion-Jacobson-type two-dimensional perovskites. Nat.
Mater. 23, 937-943 (2024).

Franchini, C., Reticcioli, M., Setvin, M. & Diebold, U. Polarons in
materials. Nat. Rev. Mater. 6, 560-586 (2021).

Lin, W. et al. Combining two-photon photoemission and transient
absorption spectroscopy to resolve hot carrier cooling in 2D per-
ovskite single crystals: The effect of surface layer. J. Mater. Chem. C
10, 16751-16760 (2022).

Chen, J., Messing, M. E., Zheng, K. & Pullerits, T. Cation-dependent
hot carrier cooling in halide perovskite nanocrystals. J. Am. Chem.
Soc. 141, 3532-3540 (2019).

Lin, W., Canton, S. E., Zheng, K. & Pullerits, T. Carrier cooling in lead
halide perovskites: A perspective on hot carrier solar cells. ACS
Energy Lett. 9, 298-307 (2024).

Wang, S. et al. Strongly luminescent Dion-Jacobson tin bromide
perovskite microcrystals induced by molecular proton donors
chloroform and dichloromethane. Adv. Funct. Mater. 31, 2102182
(2021).

Zhang, G. et al. Antimony-doped lead-free zero-dimensional tin(1V)-
based organic-inorganic metal halide hybrids with high photo-
luminescence quantum yield and remarkable stability. Adv. Opt.
Mater. 9, 2101637 (2021).

Yin, J., Brédas, J.-L., Bakr, O. M. & Mohammed, O. F. Boosting self-
trapped emissions in zero-dimensional perovskite heterostructures.
Chem. Mater. 32, 5036-5043 (2020).

Wang, X. et al. Unlocking full-spectrum brilliance: Dimensional
regulation in lead-free metal halides for superior photo-
luminescence. Nano Lett 24, 14686-14694 (2024).

Fu, J. et al. Electronic states modulation by coherent optical pho-
nons in 2D halide perovskites. Adv. Mater. 33, 2006233 (2021).
Batignani, G. et al. Probing femtosecond lattice displacement upon
photo-carrier generation in lead halide perovskite. Nat. Commun. 9,
1971 (2018).

Zhang, H. et al. Ultrafast relaxation of lattice distortion in two-
dimensional perovskites. Nat. Phys. 19, 545-550 (2023).

Debnath, T. et al. Coherent vibrational dynamics reveals lattice
anharmonicity in organic-inorganic halide perovskite nanocrystals.
Nat. Commun. 12, 2629 (2021).

Nature Communications | (2026)17:758


https://doi.org/10.6084/m9.figshare.30604079
https://doi.org/10.6084/m9.figshare.30604079
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-68544-8

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

11.

42.

43.

44,

45,

46.

Thouin, F. et al. Phonon coherences reveal the polaronic character
of excitons in two-dimensional lead halide perovskites. Nat. Mater.
18, 349-356 (2019).

He, Y. et al. Unveiling mechanism of temperature-dependent self-
trapped exciton emission in 1D hybrid organic-inorganic tin halide
for advanced thermography. Adv. Opt. Mater. 13, 2402061 (2025).
Spanopoulos, . et al. Water-stable 1D hybrid tin (ll) iodide emits
broad light with 36% photoluminescence quantum efficiency. J.
Am. Chem. Soc. 142, 9028-9038 (2020).

Lemmerer, A. & Billing, D. G. Lead halide inorganic-organic hybrids
incorporating diammonium cations. Cryst. Eng. Comm. 14,
1954-1966 (2012).

Stadler, W. et al. Optical investigations of defects in Cdy.ZnTe.
Phys. Rev. B 51, 10619-10630 (1995).

Fowler, W. B. Physics of color centers. Academic Press, New York, p.
294f (1968).

Mercer, I. P., Gould, I. R. & Klug, D. R. A quantum mechanical/
molecular mechanical approach to relaxation dynamics: Calcula-
tion of the optical properties of solvated bacteriochlorophyll-a. J.
Phys. Chem. B. 1083, 7720-7727 (1999).

Huang, K. & Rhys, A. Theory of light absorption and non-radiative
transitions in f-centres. Proc. R. Soc. Lond. A Math. Phys. Sci. 204,
406-423 (1950).

Griffiths, D. J. & Schroeter, D. F. Introduction to quantum mechanics.
(Cambridge University Press, 2018).

Shacklette, J. M. & Cundiff, S. T. Role of excitation-induced shift in
the coherent optical response of semiconductors. Phys. Rev. B 66,
045309 (2002).

Wu, X., Trinh, M. T. & Zhu, X. Y. Excitonic many-body interactions in
two-dimensional lead iodide perovskite quantum wells. J. Phys.
Chem. C 119, 14714-14721 (2015).

Li, H. et al. The optical signatures of stochastic processes in many-
body exciton scattering. Annu. Rev. Phys. Chem. 74, 467-492
(2023).

Srimath Kandada, A. R., Li, H., Bittner, E. R. & Silva-Acufa, C.
Homogeneous optical line widths in hybrid Ruddlesden-Popper
metal halides can only be measured using nonlinear spectroscopy.
J. Phys. Chem. C 126, 5378-5387 (2022).

Manser, J. S. & Kamat, P. V. Band filling with free charge carriers in
organometal halide perovskites. Nat. Photon. 8, 737-743 (2014).
Zheng, K. et al. High excitation intensity opens a new trapping
channel in organic-inorganic hybrid perovskite nanoparticles. ACS
Energy Lett 1, 1154-1161 (2016).

Price, M. B. et al. Hot-carrier cooling and photoinduced refractive
index changes in organic-inorganic lead halide perovskites. Nat.
Commun. 6, 8420 (2015).

Karki, K. J. et al. Coherent two-dimensional photocurrent spectro-
scopy in a PbS quantum dot photocell. Nat. Commun. 5,

5869 (2014).

He, Y. et al. Nature of self-trapped exciton emission in zero-
dimensional Cs,ZrClg perovskite nanocrystals. J. Phys. Chem. Lett.
14, 7665-7671 (2023).

Zhang, Y. et al. Strong self-trapped exciton emissions in two-
dimensional Na-In halide perovskites triggered by antimony dop-
ing. Angew. Chem. Int. Ed. 60, 7587-7592 (2021).

Polivka, T., Pullerits, T., Herek, J. L. & Sundstrém, V. Exciton
relaxation and polaron formation in LH2 at low temperature. J. Phys.
Chem. B. 104, 1088-1096 (2000).

Shi, Q. & Pullerits, T. n. Machine learning regression analyses of
intensity modulation two-photon microscopy (ML-IM2PM) in per-
ovskite microcrystals. ACS Photonics 11, 1093-1102 (2024).

Sagar, D. M. et al. Size dependent, state-resolved studies of exciton-
phonon couplings in strongly confined semiconductor quantum
dots. Phys. Rev. B 77, 235321 (2008).

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Ghosh, T., Aharon, S., Etgar, L. & Ruhman, S. Free carrier emergence
and onset of electron-phonon coupling in methylammonium lead
halide perovskite films. J. Am. Chem. Soc. 139, 18262-18270 (2017).
Ramesh, S. et al. Coherent phonons, localization, and slow polaron
formation in lead-free gold perovskite. Adv. Opt. Mater. 13,
2402882 (2025).

Billy, J. et al. Direct observation of Anderson localization of matter
waves in a controlled disorder. Nature 453, 891-894 (2008).
Anderson, P. W. Absence of diffusion in certain random lattices.
Phys. Rev. 109, 1492-1505 (1958).

Chachisvilis, M., Kihn, O., Pullerits, T. & Sundstrém, V. Excitons in
photosynthetic purple bacteria: Wavelike motion or incoherent
hopping? J. Phys. Chem. B. 101, 7275-7283 (1997).

Schulze, J., Torbjoérnsson, M., Kiihn, O. & Pullerits, T. Exciton cou-
pling induces vibronic hyperchromism in light-harvesting com-
plexes. New J. Phys. 16, 045010 (2014).

Hafner, J. Ab-initio simulations of materials using VASP: Density-
functional theory and beyond. J. Comput. Chem. 29, 2044-2078
(2008).

Zeiger, H. J. et al. Theory for displacive excitation of coherent
phonons. Phys. Rev. B 45, 768-778 (1992).

Dhar, L., Rogers, J. A. & Nelson, K. A. Time-resolved vibrational
spectroscopy in the impulsive limit. Chem. Rev. 94, 157-193 (1994).
Neutzner, S. et al. Exciton-polaron spectral structures in two-
dimensional hybrid lead-halide perovskites. Phys. Rev. Mater. 2,
064605 (2018).

Straus, D. B. et al. Direct observation of electron-phonon coupling
and slow vibrational relaxation in organic-inorganic hybrid per-
ovskites. J. Am. Chem. Soc. 138, 13798-13801 (2016).

Guo, P. et al. Direct observation of bandgap oscillations induced by
optical phonons in hybrid lead iodide perovskites. Adv. Funct.
Mater. 30, 1907982 (2020).

Katan, C., Mercier, N. & Even, J. Quantum and dielectric confine-
ment effects in lower-dimensional hybrid perovskite semi-
conductors. Chem. Rev. 119, 3140-3192 (2019).

Yin, J. et al. Tuning hot carrier cooling dynamics by dielectric con-
finement in two-dimensional hybrid perovskite crystals. ACS Nano
13, 12621-12629 (2019).

Yin, J. et al. Manipulation of hot carrier cooling dynamics in two-
dimensional Dion-Jacobson hybrid perovskites via Rashba band
splitting. Nat. Commun. 12, 3995 (2021).

Li, X. et al. Two-dimensional Dion-Jacobson hybrid lead iodide
perovskites with aromatic diammonium cations. J. Am. Chem. Soc.
141, 12880-12890 (2019).

Miyata, K. et al. Large polarons in lead halide perovskites. Sci. Adv.
3, €1701217 (2017).

Mauck, C. M. & Tisdale, W. A. Excitons in 2D organic-inorganic
halide perovskites. Trends Chem. 1, 380-393 (2019).

Snellenburg, J. J., Laptenok, S., Seger, R., Mullen, K. M. & van
Stokkum, I. H. M. Glotaran: A Java-based graphical user interface for
the R package timp. J. Stat. Softw. 49, 1-22 (2012).

Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 59, 1758 (1999).
Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys.Rev. Lett. 77, 3865 (1996).
Krukau, A. V., Vydrov, O. A., Izmaylov, A. F. & Scuseria, G. E. Influ-
ence of the exchange screening parameter on the performance of
screened hybrid functionals. J. Chem. Phys. 125, 224106 (2006).
Geng, W.-T. et al. Empowering materials science with VASPKIT: A
toolkit for enhanced simulation and analysis. Nat. Protoc. 20,
3143-3169 (2025).

Wang, V., Xu, N., Liu, J.-C., Tang, G. & Geng, W.-T. VASPKIT: A user-
friendly interface facilitating high-throughput computing and analy-
sis using VASP code. Comput. Phys. Commun. 267, 108033 (2021).

Nature Communications | (2026)17:758


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-68544-8

7. Wang, Y., Yang, K., Zhang, X., Chen, F. & Tang, X. Temperature-
dependent lattice dynamics and vibration effects in Cs,UClg:
Insights from DFT and machine learning analysis. J. Phys. Chem.
Lett. 16, 9656-9663 (2025).

72. Lin, S.-T., Blanco, M. & Goddard, W. A. lll The two-phase model for
calculating thermodynamic properties of liquids from molecular
dynamics: Validation for the phase diagram of Lennard-Jones fluids.
J. Chem. Phys. 119, 11792-11805 (2003).

73. Li, X. et al. Perovskite cathodes for aqueous and organic iodine
batteries operating under one and two electrons redox modes. Adv.
Mater. 36, 2304557 (2024).

Acknowledgements

This work was supported by the Swedish Energy Agency (Grant 50667-1,
50709-1), the Swedish Research Council VR (2021-05207, 2023-05244),
Olle Engkvist Foundation (Grant 235-0422), Knut and Alice Wallenberg
Foundation (Dnr KAW 2019.0082), and the China Scholarship Council
(No. 202006150002). The computations were enabled by resources
provided by the National Academic Infrastructure for SuperComputing
in Sweden (NAISS) via the project 2024/5-372. Collaboration with
NanoLund is acknowledged. Y.W. acknowledges the Postgraduate
Research & Practice Innovation Program of Jiangsu Province (Grant no.
KYCX23_0368). J. C. acknowledges the Novo Nordisk Foundation (Grant
no. NNF220C0073582).

Author contributions

T.P. and Y.H. conceived and initiated the project. Y.H. carried out steady-
state/ultrafast experiments and validated and analysed the experimental
data. F.G. and X.C. prepared the samples, performed XRD and TRPL
measurements. M.Z. performed SEM/EDS measurements. R.A. and T.E.
carried out the band structure and phonon calculation. Y.W. conducted
AIMD calculations. S.R. contributed to the discussion on the coherent
phonon generation mechanism. J.C. contributed to the discussion on
oscillatory signals. T.P. and Y.H. extensively discussed the data and for-
mulated the conclusions. Y.H. prepared the first draft of the manuscript.
All authors contributed to the revision and editing of the manuscript.

Funding

Open access funding provided by Lund University.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-026-68544-8.

Correspondence and requests for materials should be addressed to
Feng Gao or Toénu Pullerits.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2026

Nature Communications | (2026)17:758

10


https://doi.org/10.1038/s41467-026-68544-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Dimensionality-dependent electronic and vibrational dynamics in low-dimensional organic-inorganic tin halides
	Results
	Structural and photophysical properties
	Electronic dynamics
	Vibrational dynamics

	Discussion
	Methods
	Thin film preparation and characterization
	Femtosecond transient absorption measurements
	Computational details

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




