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ABSTRACT: Tin-based two-dimensional (2D) perovskites are
emerging as lead-free alternatives in halide perovskite materials, yet
their exciton dynamics and transport remain less understood due
to defect scattering. Addressing this, we employed temperature-
dependent transient photoluminescence (PL) microscopy to
investigate intrinsic exciton transport in three structurally
analogous Sn- and Pb-based 2D perovskites. Employing con-
jugated ligands, we synthesized high-quality crystals with enhanced
phase stability at various temperatures. Our results revealed
phonon-limited exciton transport in Sn perovskites, with diffusion
constants increasing from 0.2 cm?® s™! at room temperature to 0.6
cm?s ' at 40K, and a narrowing PL line width. Notably, Sn-based
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perovskites exhibited greater exciton mobility than their Pb-based equivalents, which is attributed to lighter effective masses.
Thermally activated optical phonon scattering was observed in Sn-based compounds but was absent in Pb-based materials. These
findings, supported by molecular dynamics simulations, demonstrate that the phonon scattering mechanism in Sn-based halide

perovskites can be distinct from their Pb counterparts.

KEYWORDS: 2D materials, Exciton transport, Phonon scattering, Lead-free perovskites, Time-resolved microscopy

wo-dimensional (2D) Ruddlesden—Popper (RP) phase
metal halide perovskites have emerged as a new class of
optoelectronic materials. Characterized by their strongly
bound excitons and highly customizable structures, these
materials have shown great promise in efficient light-emitting
diodes and solar cells.'~® A critical factor in the performance of
these optoelectronic devices is exciton diffusion. For instance,
the capability to transport excitons over long distances is
crucial to the efficiency of solar cells. There have been
substantial research efforts in understanding exciton transport
and phonon scattering in 2D Pb-based perovskites. '
Specifically, long-chain organic ligands were found to play an
important role in modulating electron—phonon scattering and
exciton transport.” '® The transition from toxic Pb to
alternative metals like environmentally friendlier Sn is desirable
for many applications.””~"> Solar cells and light-emitting
diodes have been successfully fabricated from Sn-based
quasi-2D and 2D perovskites. >
However, the performance of the Sn-based perovskites tends
to lag behind Pb-based ones, largely due to deep defect levels
that lead to carrier trapping.'*>’ Understanding the intrinsic
role of organic and inorganic lattices in controlling exciton
transport in low-defect materials is crucial for elucidating the
link between the structure and device performance. Direct
experimental investigations into exciton transport in Sn-based
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2D perovskites are limited. The metal ion substitution from Pb
to Sn can modify bond strength and give rise to different
phonon modes.”** On the other hand, the electronic structure
can be modified in both the bandgap and the carrier effective
mass. While theoretical calculations have predicted some
favorable properties of the Sn-based materials, including light
carrier effective masses and higher mobilities,">***® exper-
imental validation of exciton transport in Sn-based 2D
perovskites remains hampered by extrinsic defects.”” To
address these open questions, we conducted a direct
comparison of exciton transport in three structurally analogous
Sn- and Pb-based 2D perovskites, employing thiophene-based
conjugated ligands'>*® to achieve lower defect density. We
observed that exciton diffusion constants increase as temper-
ature decreases accompanied by narrower linewidths at low
temperatures, suggesting that intrinsic phonon scatterings
rather than defects limit exciton transport.
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Figure 1. (a) Crystal structure illustration of (4Tm),Snl,, (2Tm),Snl,, and (2T),Pbl,. The ammonium-iodide plane distance d is depicted. (b—d)
Room-temperature absorption (solid lines) and photoluminescence (dashed line) spectra, respectively. (e) Equilibrium atomic displacement of

elements in (4Tm),Snl,, (2Tm),Snl,, and (2T),Pbl,.

B STRUCTURE OF SN AND PB 2D PEROVSKITES
WITH CONJUGATED LIGANDS

To access phonon-limited exciton transport, structure stability
without a phase transition at low temperature is necessary.
Taking advantage of the protection from the bulky long chain
thiophene-based ligands, we selected (4Tm),Snl,” and
(2T),SnL,* to study the photophysical properties of Sn-
based 2D perovskite, for comparison with a structurally similar
Pb-based counterpart (2T),Pbl,.”* 4Tm is 2-(3"’,4’-dimethyl-
[2,27:5,2":5",2" -quaterthiophen]-5-yl) ethan-1-ammonium,
and 2T is 2-([2,2'-bithiophen]-5-yl)ethan-1-ammonium. The
crystal structures of the three samples are illustrated in Figure
la. Figure S1 shows microscope images of representative
(4Tm),Snl,, (2T),Snl,, and (2T),Pbl, samples. All samples
feature single crystalline domains exceeding a few micrometers
in size, enabling the imaging of exciton diffusion within an
individual domain. A type-I energy band alignment exists
between 4Tm", 2T", and the inorganic lattice SnI,>~ or PbI,>",
leading to excitons confined in the inorganic layers.”® The
optical response is dominated by excitons due to the reduced
screening of the Coulombic interactions from the surrounding
organic ligands.”' >

Sharp absorption and photoluminescence (PL) peaks
originating from excitons were observed in all three structures,
as depicted in Figure 1b—d. (4Tm),Snl, exhibits an exciton
resonance at 630 nm (1.97 eV) and the PL emission is slightly
higher in energy for (2T),Snl, due to the different structure
and dielectric screening from the ligands. Compared to the Sn-
based structures, (2T),Pbl, has a larger bandgap and exciton
resonance centers at 520 nm (2.39 eV). The primary PL
emission peak aligns well with the strongest absorption feature
at both room temperature and at 7 K (Figure S2), which
supports the observed emission originating from the bright
excitons. At room temperature, Stokes shifts of 33, 66, and 21
meV were observed for (4Tm),Snl,, (2T),Snl,, and
(2T),Pbl,, respectively, and these values are similar to other
reported values for 2D perovskites.”® The Stokes shifts exhibit
a correlation with the PL line widths, which can be attributed
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to anharmonic phonon scattering’” and energetic disorder.®
At 7 K, the Stokes shift significantly reduces, to only a few meV
(Figure S2), due to predominantly harmonic phonon
scattering at low temperatures.3

These thiophene-incorporated 2D perovskites show sub-
stantially smaller atomic displacement compared to aliphatic
alkylammonium cations and overall more rigid lattices."” The
corresponding single crystal X-ray diffraction (XRD) patterns
(Figure S3) show a set of diffraction peaks confirming the
formation of 2D RP perovskites for all three structures. Smaller
Sn** results in a shorter metal—halide bond length and smaller
lattice size in (2T),Snl, compared to (2T),Pbl, (Table S1). As
shown in Figure le, (2T),Pbl, shows the least atomic
displacement in both organic and inorganic components,
consistent with its condensed packing.

B EXCITON-PHONON SCATTERING

We performed temperature-dependent PL spectroscopy to
investigate exciton transport and phonon scattering mecha-
nisms. For all three structures, no phase transition was
observed in the entire temperature range investigated. All
three structures show narrowing of the PL line width as
temperature decreases due to reduced phonon scattering.”® At
temperatures below 100 K, a lower-energy sideband was
observed for the Sn-based structures, which was absent in the
lead-based structure. This sideband exhibits a temperature-
independent energy splitting of 37 and 48 meV for
(4Tm),Snl, and (2T),Snl,, respectively, as shown in Figure
S4. These low-energy features were attributed to the optical
phonon sideband, and the energy splittings are similar to
previously reported values.” At 7 K, all three samples show a
full width at half-maximum (fwhm) of around 10 meV. In an
approximate model, the linewidth is the sum of inhomoge-
neous broadening due to scattering by disorder and
imperfections in addition to the homogeneous broadening
from radiative lifetime (Figure S5).**** The observed exciton
linewidths in this study are narrower when compared to those
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Figure 2. Temperature-dependent PL spectra of (a) (4Tm),Snl,, (b) (2T),Snl,, and (c) (2T),Pbl,. The full width at half-maximum (fwhm)
extracted at each temperature is plotted in d and e, respectively. The solid lines are the fits to eq 1, involving different contributions from
longitudinal the optical phonon (I',) and acoustic phonons (I, dashed line) in addition to the zero-temperature line width (I'y).

Table 1. Fitting Parameters Used in Temperature-Dependent PL Linewidth

parameter I, (eV) I, (eV/K) E o (eV) o (eV)
4Tm),Snl 0.0104 =+ 0.0004 66X 107° + 1 X 107° 0.025 + 0.003 0.09 + 0.01
4
2T),Snl 0.0096 =+ 0.0005 9X 107 +2x 107° 0.012 + 0.002 0.039 + 0.004
4
(2T),Pbl, 0.0069 + 0.0002 129 X 107" + 4 X 107°

7,41

observed in other Sn-based 2D perovskites.,” which
suggests lower defect density.

Notably, a variation in the temperature dependence of the
PL linewidth was observed. The emission linewidth for
(4Tm),Snl, and (2T),Snl, displays a turning point in
temperature, above which it broadens at an accelerated rate.
This turning point corresponds to the onset of the nonlinear
scattering of optical phonons that are strongly coupled to
electronic states. The temperature-dependent occupation of
these phonons follows the Bose—Einstein distribution.*’ In
contrast, a linear dependence was observed for (2T),Pbl,.
Lower-energy acoustic phonons or lower energy nonpolar
optical phonons are activated at low temperatures, and the
modulation to electronic states through deformation potential
typically is assumed to have a linear temperature depend-
49% The temperature dependent line width can be

modeled approximately agS 124244
I;
D(T) = I + LT+ —— 5
Zo)
o(22) -1 .,

I'y is the zero-temperature line width that include both
homogeneous and inhomogeneous contribution, I',. and I'
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are the coupling strength to acoustic phonon and longitudinal
optical (LO) phonon scattering, respectively. Multiple optical
phonon modes are likely to be coupled to the excitons, and
E| o is a representative energy for the weakly dispersive optical
phonon branches.” In our simplified model, we assumed that
the phonon coupling strengths I'; 5 and I'yc were temperature-
independent. However, the dielectric response becomes more
anharmonic and liquid-like at a higher temperature, resulting in
phonon coupling strengths that indeed vary with temper-
ature.”” Due to this temperature dependence, we confined our
model fitting to temperatures below 200 K to ensure accuracy.
Data spanning the complete temperature spectrum are shown
in Figure S6. The temperature-dependent linewidths of three
samples were fitted using eq 1 with results shown in solid lines
in Figure 2d,e. The fitting parameters are listed in Table 1.
These results imply that optical phonon scattering is the
dominant mechanism for Sn-based structures, while lower
energy phonon modes, such as acoustic phonons and possibly
nonpolar optical phonons, play a more important role for Pb-
based 2D perovskites with the same ligands. We note that a
recent work on h-BN encapsulated (PEA),Pbl, has shown
strong coupling of excitons to optical phonons,” which suggests
the role of organic ligand and the encapsulation in modulating
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Figure 3. Temperature-dependent exciton transport of (4Tm),Snl,, (2Tm),Snl,, and (2T),Pbl,. (a) A representative time-resolved PL image of
exciton diffusion in a crystalline domain of (4Tm),Snl, at room temperature. (b) The spatial profile at 0, 1, and 2 ns delay time extracted from
panel a, with solid lines being the fits to a Gaussian function. (c—e) The squared variance change (67 — 63) extracted from spatial profiles at various
temperatures. The solid lines are the fits to the data with linear equations to extract an exciton diffusion constant. (4Tm),Snl, (c), (2T),Snl, (d),
and (2T),Pbl, (e). (f) Temperature-dependent diffusivity of (4Tm),Snl,, (2Tm),Snl,, and (2T),Pbl,.

electron phonon scattering. Comparing (4Tm),Snl, and
(2T),Snl,, both I'\ and E; are higher in (4Tm),Snl,. An
E o of ~12 meV in (2T),Snl, matches the energy scale of the
Sn—I stretching and bending mode. The smaller optical
phonon energy in 2T-Sn compared to 4Tm—Sn (12 meV vs 25
meV) could be the result of the ammonium head of
(4Tm),Snl, penetrating more into the inorganic lattice, as
evidenced by the d value in Figure la. This could introduce
higher energy modes such as torsion motion from the
ammonium heads coupling to the electrons.”® The bandga
of 4Tm* being closer to SnI,>~ also increases this possibility.*
On the other hand, the C—H-p interactions between the 2T
molecules is stronger compared to that of 4Tm molecules,
which presents more steric hindrance to the motion of the
NH; group and brings about a higher degree of rigidity.”~*" A
more ri§id lattice would blue-shift the metal—halide vibrational
modes.””” This is indeed observed in the low-frequency
Raman spectra (Figure S7) where the frequency of octahedral
twisting, M—I—M bending, and M—I—M scissoring modes®® of
2T-Sn are all blue-shifted.

B PHONON-LIMITED EXCITON TRANSPORT

To investigate how different phonon scattering mechanisms
impact transport, we imaged temperature-dependent exciton
diffusion using transient PL microscopy”** ™" (see Methods in
the SI and Figure S8 for details). Because of the large exciton
binding energy of 2D perovskites, radiative recombination is a
first-order process; i.e., PL intensity is proportional to exciton
density. The temperature dependent PL lifetime and relative
quantum yield (QY) are shown in Figure SSa—f. As the
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temperature decreases, the PL decay accelerates, and there is a
corresponding increase in PL intensity and QY. This could be
explained by a smaller exciton population distributed near
momentum k = 0 at a higher temperature and therefore
increases the radiative decay time and lowers QY.”' Upon
increasing the excitation density, no obvious change of decay
traces was observed, which indicates that trapping or
annihilation is not the limiting factor in the exciton dynamics.

The spatial and temporal dependence of the exciton
population can be described by

on(x, y, t)

” =kpn(x, y,t) — DV?n(x, y, t)

where k; is the exciton decay constant. Considering the
nonunity PL quantum vyield, k; includes processes of radiative
recombination and trapping by nonluminescent states. The
initial profile is dictated by the Gaussian excitation beam

(x — x0)* + (y - yO)Z)

20,

ny = Ag exp(

At time ¢,

(x — x0)* + (y — y0)*

2
20,

n, = A, exp

Considering the isotropic nature of the samples studied here,
the 2D transport function in the ab plane of the crystal is
reduced to 1D, and line scans were performed. An example of a
plotted time-dependent exciton density map is shown in Figure
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dynamics to identify vibrations that couple to the electronic subsystems in the Sn- and Pb-based 2D perovskites. (e—g) Electronic band structures

of the (4Tm),Snl, (e), (2T),Snl, (f), and (2T),Pbl, (g).

3a for (4Tm),Snl, measured at room temperature. By fitting
the emission profile at each time delay with a Gaussian
function (Figure 3b), we found a linear relationship between
mean squared displacement (67 — 03) and time (t) with a
diffusion constant (Figure 2c—e):
2_ g2

0

2t

%

These results were obtained by averaging over multiple single-
crystalline domains. All measurements were performed below
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an excitation density of ~200 nJ/cm? which corresponds to an
exciton density around 10" cm™2, and exciton annihilation is
negligible. (Figure S9).

As the temperature decreases, exciton diffusion accelerates in
all three perovskites, which suggests that intrinsic phonon
scattering is the primary factor influencing exciton transport.
As temperature decreases, the population of phonons
decreases, resulting in less frequent scattering of the excitons
and thus higher diffusivity as well as a narrower emission
linewidth.*® In contrast, trap or defect limited transport would
lead to the opposite temperature dependence, which was
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reported for (BA),,(MA),_,Pb,L;,,; (n = 2 and n = 4).”> The
temperature dependence observed resembles phonon-limited
transport in conventional semiconductors and transition metal
dichalcogenides (TMDCs).>>™>° At room temperature, a
diffusivity of 0.17 + 0.003 cm® s™' was extracted for
(4Tm),Snl,, and a similar diffusivity was measured with
(2T),Snl,. For (2T),Pbl,, we were not able to reliably extract
a diffusion constant at room temperature in the nanosecond
time window due to the small range of motion of the excitons.
At 40 K, D increases to 0.60 + 0.08, 0.40 + 0.03, and 0.32 +
0.03 cm?® s 'for (2T),Snl,, (4Tm),Snl,, and (2T),Pbl,,
respectively. The extracted diffusion constants of three samples
are summarized in Figure 3f. The short lifetime observed at 40
K and lower temperatures (Figure SS) restricts the temporal
window over which mean squared displacement (MSD) data
can be collected. In addition, the decay kinetics at low
temperatures diverge from a single exponential model,
indicating the potential influence of other dark states at a
long delay time. Our analysis concentrates on the initial linear
phase of MSD expansion within the first nanosecond to extract
the diffusion of the bright excitons.

The results from exciton-transport imaging experiments
reveal that excitons in Sn-based 2D halide perovskites exhibit
higher diffusivities compared with their Pb counterparts with
the same ligands (Figure 3). Although excitons are neutral
quasiparticles, their diffusivity can be correlated with charge
mobility through the Einstein relation y = D/(ksT).” p is as
high as 100s of cm*V~":s™! at low temperatures. The mobility
values for these Sn-based 2D perovskites from our measur-
emnts are consistent with the values obtained from field-effect
transistor devices (i.e., 2—9 cm?V~!s™! at room temperature
and increase at lower temperatures).”® For all three structures,
the mobility shows a power law dependence on temperature
T"(y > 0, dashed lines in Figure 4ab). This observation
confirms phonon scattering being the main scattering source of
excitons, because scattering by charge impurities or defects
would lead to an opposite trend over temperature.''

The exponent y differs between Sn- and Pb-based perov-
skites and depends on the organic ligands. For both
(4Tm),Snl, and (2T),Snl,, clearly two regimes of temperature
dependence were observed (Figure 4b). 7 is 1.0 + 0.1 and 1.1
+ 0.1 for the low temperature regime (black dashed lines in
Figure 4b) and 3.0 = 0.1 and 2.6 + 04 for the high
temperature regime (red dashed lines), for (4Tm),Snl, and
(2T),Snl,, respectively. For 2D systems, y ~ 1 indicates that
acoustic phonons that require no thermal activation are the
main scattering source.'’ The larger y values at high
temperatures reflect that both acoustic and thermally activated
LO phonons play roles in scattering the excitons. The high-
temperature results are consistent with a recent first-principles
calculation of phonon scattering in SiTiO; showing a y of 3
from the scattering by both LO and soft phonon modes at
temperature higher than 150 K.>” The turning point at ~200 K
for (4Tm),Snl, compared to the turning point at ~100 K for
(2T),Snl, agree with a higher representative LO phonon
energy for (4Tm),Snl, (20 meV vs 12 meV) obtained from
the line width fitting in Figure 2. In contrast, for (2T),Pbl,, the
power law dependence shows very much one y of 1.8 across
the temperature range of 40 to 200 K. We note that the value
of ¥ could also differ due the variations in band curvature and
effective mass.>
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B FIRST-PRINCIPLES CALCULATIONS

We performed ab initio calculations using density functional
theory (DFT) to elucidate the electron—phonon scattering
mechanisms (Figures S10—S13), and further details are
provided in the SI. To identify the crystal vibrations that
couple to the electronic subsystem, we performed MD
simulations. Perovskites are known to be highly anharmonic,*’
and MD simulations can capture anharmonicity explicitly. We
reduced the computational cost by replacing the 2T or 4Tm
ligands with Cs atoms (Figure S11). The Fourier transforms of
autocorrelation functions of vibrational fluctuations of the
electronic bandgaps were calculated, which gives electron-
vibrational influence spectra identifying the phonon modes
that couple to the electronic subsystem (Figure 4c,d). As
shown in Figure 4c, the high-frequency exciton scattering in
Sn-based perovskites is thermally activated and much more
substantial at 300 K compared to 20 K. In contrast, the
temperature dependence is much weaker for Pb (Figure 4d),
where the spectra are similar for 20 and 300 K, consistent with
the lower thermal activation. This difference in thermal
activation of phonons for Sn and Pb is in great agreement
with the temperature dependence of PL line width and exciton
diffusivity (Figure 2 and Figure 4c,d).

Finally, we also calculate the band structure (Figure 4e—g
and Figure S12) and projected density of states (Figure S13)
for all three structures including organic ligands to obtain
electron and hole effective masses. The conduction band
minimum (CBM) does not contain any organic ligand
contributions in all structures but is solely composed of the
perovskite core, with a larger contribution from the metal (Sn/
Pb). (2T),Snl, possesses the lightest effective electron mass
(m.* = 0.0868 m,) of all three systems studied here (Figure
S12). The valence band maximum (VBM) of the Sn-based
systems originates entirely from the perovskite core (Sn—I),
with a slightly more significant contribution from the halide.
The organic ligand states are located deeper within the VB for
the 2T compared to the 4Tm ligands. The hole effective mass
for (4Tm),Snl, (my* = —0.1470 m,) is similar to that in
(2T),Snl, (my* = —0.1413 m,). Overall, (2T),Pbl, has the
largest effective mass values for both the electron and hole,
which explains the lowest exciton mobility. The electron and
hole effective masses are listed in Table S2. The combined MD
simulations with band structure calculations provide a
microscopic understanding of the temperature-dependent PL
linewidth and exciton transport behavior. The relatively light
effective mass of (2T),Snl, aligns with its enhanced exciton
mobility at lower temperatures. Exciton scattering by high-
energy phonon modes in Sn-based compounds at high
temperatures is consistent with the temperature-dependent
changes in PL linewidth and exciton diffusivity measurements.
In contrast, the phonon modes in (2T),Pbl, are already active
at low temperatures.

B CONCLUSIONS

We investigated the fundamental phonon scattering mecha-
nisms that dictate exciton transport in both Sn- and Pb-based
2D perovskites. The stronger intermolecular interaction
between z-conjugated ligands facilitates a more rigid inorganic
crystal lattice, which allows for the investigation of intrinsic
phonon-limited exciton transport. These results demonstrate
that excitons in Sn-based halide perovskites are intrinsically
mobile, with mobility as high as 100 cm* V™' s™" at 40 K. More
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crucially, Sn-based perovskites exhibit, in certain aspects,
superior transport properties compared to the Pb counterparts,
ascribed to their lighter effective mass. Phonon scattering
mechanisms are also notably different, with nonlinear onset of
optical phonon scattering observed Sn but absent for Pb. The
incorporation of organic conjugated ligands opens avenues for
modulating phonon coupling to optoelectronic application
needs and presents an opportunity to explore approaches to
enhance performance while maintaining environmental
sustainability.
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