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ABSTRACT: Understanding the interplay between electronic and ionic dynamics in tin
halide perovskites is critical for optimizing their photovoltaic performance and stability.
Here, we combine temperature-dependent transient photocurrent (TPC) and photo-
luminescence (PL) measurements under a lateral bias in a coplanar-electrode geometry
for a 2D Dion—Jacobson phase (B1: BDASnI,), a 3D phase (El: FASnl,), and their
physically paired 2D/3D hybrid (E1B1) phase. In B, rapid carrier extraction (7 ~ Light
1 ms) and a pronounced PL red-shift (—0.8 meV/K) reflect strong electron—phonon
coupling and minimal ionic screening. Arrhenius analysis of I, reveals two activation
energies, E, ~ 0.13eV at low temperature T and a higher barrier of ~1.4 eV above
~320 K, indicating the emergence of deeply bound trap populations. The 3D E1 exhibits
sluggish kinetics (7, ~ 90 ms), a +0.6 meV/K blue-shift, and three activation regimes
(E, ~ 0.34, 0.50, and 0.70 eV), consistent with migrating iodide vacancies. The E1B1
hybrid film shows dual PL emissions and a trifurcated activation profile (E, ~ 0.24, 0.43,
and 0.63 eV), capturing interfacial passivation at low T and trap-dominated ionic pinning at high T. By correlating spectral shifts with
TPC-derived energetics, we demonstrate how dimensionality and interfacial chemistry together dictate exciton behavior, ionic
mobility, and thermal response under device operational conditions.
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1. INTRODUCTION achieved record efficiencies of 17.13% by improving
crystallinity and inducing favorable out of plane orientation.”*
Other notable works which focused on improving the
crystallinity of 3D bulk leading to high efficiencies have also
been demonstrated using related 2D/3D hybrid strat-
egies.”” " Although 2D/3D hybrids are typically formed
either by sequential deposition of spacer cations onto a 3D
lattice’ or by incorporating spacers directly into the 3D
precursor, an alternative “physical coupling” approach has
emerged. In our previous work, we showed that placing a
separate 2D film in physical contact with FASnl; drives the
migration of butylammonium (BA"), hexylammonium (HA"),

. + . .
— Sn*" oxidation in which tin perovskite films tend to and _octylammonium (OA”) ‘spacers into the 3D lattice,

. . 11 . . forming interfacial quasi-2D domains.** Similarly, Mathew et
11 | 1 1 high def !
cryst_a_ 1ze ver?r rap‘l dly, yielding sm;% %ilz%s' igh defect al. also have shown that cation migration between 2D and 3D
densities, and inducing p-type self-doping.

Structural engineering via 2D/3D hybrid architectures has layers can induce phase.z trans.1t.10ns33w1th actl.vatllon energles of
. . . 29—50kJ/mol, by physical pairing.”” Along similar lines, halide
proven to be effective at mitigating these issues. In such : ’ 4 3 3435
. . . ion exchange in physically paired films was also explored.”™
systems, thin 2D layers cap the 3D bulk, while organic spacers This ohysical.contact  strat 1 tended to Db
chemically passivate the surface, and grain-boundary defects, 1S physical-confact strategy was also extended to
simultaneously acting as hydrophobic barriers to moisture
ingress. The strong bonding between the spacer cations and Received: July 27, 2025
the 3D lattice promotes more uniform crystallization of the Revised:  September 25, 2025
underlying framework, resulting in improved film quality, Acce.pted: September 26, 2025
reduced trap density, and enhanced photovoltaic (PV) Published: October 2, 2025
performance.”’ ~>* Notably, phenethylammonium (PEA")
incorporation into triple halide-based 3D Sn perovskite has

Lead (Pb) halide perovskites have attracted intense attention
for optoelectronic applications due to their high absorption
coefficients," long diffusion lengths,2 and excellent defect
tolerance,” enabling high-performance solar cells.”™® How-
ever, the inherent toxicity of lead hinders its commercial
viability. As a sustainable alternative, tin (Sn)-based halide
perovskites, particularly formamidinium-based tin iodide
(FASnl;) perovskites, have emerged as lead-free analogs that
retain many beneficial characteristics, including a direct
bandgap near 1.4 eV and strong light absorption.” '® Never-
theless, they suffer from intrinsic problems, in particular, Sn**
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Figure 1. Physically stacked 2D/3D tin perovskite hybrid structure on coplanar electrodes and experimental setup for transient photocurrent
(TPC) measurement. (A) Schematic illustration of the sample preparation process on patterned FTO. The samples are then hot pressed together
under 2 MPa pressure and encapsulated to form a 2D/3D hybrid. (B) The TPC response is recorded through a current amplifier by the impinging
pulsed LED light (driven by a function generator) on pristine (B1 and E1) as well as 2D/3D hybrid samples, which are externally biased by a

source meter.

perovskites: hot-pressing a 2D layer onto a 3D film under high
pressure produced a 2D/3D hybrid device with a record
efficiency of 24.35%.>° These results underscore the intrinsic
“softness” of the 3D lattice, whose chemical composition and
phase behavior can be readily tuned by simple physical contact.
Underlying this softness is facile ion migration: mobile
vacancies and cations freely traverse the bulk dynamically
screening applied fields and inducing hysteresis.”’ " Con-
sequently, understanding ion migration is critical for
diagnosing and mitigating its detrimental impact on PV
performance.**™** While many studies infer ionic behavior
indirectly, systematic quantification of ionic relaxation time
scales remains scarce. Transient photocurrent (TPC) measure-
ments address this gap by probing coupled carrier-ion kinetics
under pulsed light and bias.”>~* In 3D Pb-perovskites, TPC
reveals an initial current spike from interfacial band-bending
modifications, followed by slow transients dominated by ion
migration. Using this technique, bulk ion migration activation
energies (0.34—0.67 eV) are extracted from temperature-
dependent signal decay, distinguishing electromc traps in 2D
perovskites from ionic effects in 3D systems.*® This method-
ology has since been applied across a variety of perovskite
compositions to elucidate their coupled electronic—ionic
behavior."””~* TPC studies on Sn-based analogs have likewise
been reported, but these primarily focused on device
performance metrics rather than a detailed analysis of ionic
relaxation.” >’

To address this gap, we performed comprehensive TPC
measurements on tin perovskites—specifically on 2D BDASnI,
(B1, 1,4-butanediammonium tin iodide), 3D FASnI; (E1 with
1% EDAL), and their 2D/3D hybrid (E1B1). The hybrid films
were created by physically pairing separate 2D and 3D layers,
enabling the direct investigation of interfacial interactions.
Dion-Jacobson (DJ) perovskites were specifically chosen for
their superior structural rigidity compared to Ruddlesden—
Popper (RP) analogues, arising from a single layer of

diammonium cations forming strong hydrogen bonds and
electrostatic interactions with the inorganic slabs, rather than
the weaker van der Waals gap inherent in RP structures.”*
While DJ layers are often used to suppress uncontrolled ion
migration, their true utility here lies in their ability to
modulate—but not entirely block—vacancy motion, making
them ideal for studying interfacial dynamics. By comparing the
TPC responses of pristine 2D, 3D, and physically paired 2D/
3D films, we can directly probe how the DJ overlayer alters
vacancy transport, field screening, and trap formation within
the underlying 3D perovskite. To correlate these electrical
dynamics with band-structure modulation, we performed
photoluminescence (PL) excitation between biased electrodes,
directly probing electric-field-modulated emission under
operational conditions. This simultaneous application of
TPC and PL under identical bias rarely combined even for
Pb-based perovskites®® enables us to establish a direct
connection between ion migration dynamics and interfacial
band-structure evolution in Sn perovskites. Together, our
combined TPC and PL studies demonstrate that DJ-type 2D
layers can suppress ionic screening and enable rapid carrier
extraction, while pure 3D tin perovskites exhibit high ionic
barriers and sluggish dynamics and that physically paired 2D/
3D interfaces uniquely mediate these extremes through
temperature-dependent trap formation and lattice relaxation.

2. METHODS

2.1. Device Preparation and Characterization. The
samples comprised 2D, 3D, and physically paired 2D/3D
hybrid Sn-based perovskites deposited on fluorine-doped tin
oxide (FTO) substrates configured in a lateral coplanar
electrode geometry with a 200 um gap (patterning methods
are detailed in Supporting Information), as schematized in
Figure 1A. Electrical contacts were applied to the coplanar
electrodes for TPC and PL measurements under bias. The 2D
DJ-type perovskite samples include B1 (BDASnL,), while the
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Figure 2. Transient photocurrent (TPC) spectra of 2D, 3D, and physically stacked 2D/3D tin hybrid structures on coplanar electrodes under —2.5
V external bias and 450 nm LED excitation at different temperatures ranging from ~296 to 358 K for (A) B1, (B) El, and (C) E1B1.

3D perovskite sample (E1) was composed of FASnI; doped
with 1% ethylenediammonium diiodide (EDAI,). Full
experimental procedures for pristine film preparation, as well
as structural and photophysical characterization, are provided
in the Supporting information. Additionally, physically coupled
2D/3D hybrids, E1B1, were fabricated by stacking the 2D layer
(spin-coated on glass) atop the E1 3D perovskite under 2 MPa
pressure using a hot press machine, followed by encapsulation.

The X-ray diffraction (XRD) patterns, scanning electron
micrograph (SEM), UV—Vis, and photoluminescence (PL)
spectra of the pristine samples are shown in Figures S2—SS.
The structural and optical characteristics of our 2D DJ-type
perovskite (B1) agree well with previous reports.”>*’ XRD
shows an intense (001) peak (0 < 10° for both B1) indicative of
a well-ordered layered structure, while SEM images reveal
smooth, plate-like morphologies of 2D films (Figures S2 and
S3). In the UV—Vis spectra (Figure S4), a pronounced
excitonic absorption feature appears near 600 nm, further
confirming the formation of a quantum-well-type layered
perovskite structure. The PL spectra (Figure SS) of the 2D
BDASnI, (B1) lattice shows its excitonic maximum at
~610 nm while that of the pure 3D FASnI, (E1) film exhibits
a band-edge emission peak centered at ~890 nm.

2.2, Transient Photocurrent Measurement. For TPC
characterization, samples were excited by using a 450 nm light
source modulated by a function generator, providing periodic
illumination synchronized with the detection system. The
resulting photocurrent response from the perovskite devices
was amplified by using a low-noise current amplifier and
captured by using a digital oscilloscope, ensuring high-
resolution temporal tracking of both the photocurrent rise
and decay components. To investigate the temperature-
dependent behavior of charge transport and ionic migration,
a polyimide heater equipped with a closed-loop thermostat was
employed, allowing precise and stable control of the sample
temperature within the range of ~23 to 85 °C (~296K to
358 K). The full experimental circuit including the pulsed light
source, current amplifier, and oscilloscope is schematically
represented in Figure 1B.

TPC was measured under an applied bias of —2.5 V across
the coplanar electrodes. This bias voltage was optimized to
achieve a sufficient signal-to-noise ratio in photocurrent
measurements, ensuring effective carrier drift across the 200
pum channel for robust signal detection. PL was also carried out
in a similar lateral electrode configuration with laser excitation
on the perovskite layer (instrumentation details are given in
the Supporting information).

3. RESULTS AND DISCUSSION

3.1. Transient Photocurrent (TPC) Dynamics in Sn-
Based Perovskite Systems. The temperature-dependent
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TPC dynamics of B1, E1, and E1B1 Sn perovskites are shown
in Figure 2A—C. They show an initial rise, stabilization, and
decay of the photocurrent following slow pulsed excitation.
These dynamics stem from the complex interaction between
photogenerated charge carriers and the motion of mobile ionic
species. When a lateral electric field is applied across coplanar
electrodes, and the sample is illuminated, photogenerated
electrons and holes quickly separate and drift toward the
collecting electrodes, producing the initial rise and stabilization
of the photocurrent in the observed TPC decay profiles. In
contrast, once the light is switched off, the photocurrent
gradually decays according to the diffusivity of the remaining
charge carriers generated in the films during photoirradiation.

However, Sn perovskites, known for their soft lattices, have
mobile defects that migrate under the electric field and
temperature, altering the internal field and influencing the TPC
profiles further. These ionic species migrate on time scales
ranging from hundreds of microseconds to several milliseconds
reflecting on photocurrent.”’58 As carriers drift, many are
temporarily captured by shallow or deep electronic trap states
at grain boundaries, surfaces, and structural defects, especially
in 3D systems like FASnI;. These traps must be filled before
efficient extraction occurs. Efficient charge extraction occurs
only after these traps are filled, causing the photocurrent to rise
gradually. Thus, the rise time (7.) reflects both intrinsic
carrier drift and the time required to saturate the available trap
states. Concurrently, mobile ion (e.g., Sn and iodide vacancies)
redistribution screens the internal field and shapes the TPC
signal further.

Similarly, the decay phase is also influenced not only by
diffusivity but also by defect-mediated processes. Typically,
TPC decays follow a characteristic biexponential decay
behavior, indicating two distinct but coupled relaxation
processes.””>°~°" The initial, faster decay component (7, on
the order of 0.2—6 ms) corresponds to the rapid recombina-
tion of free carriers and the depopulation of shallow trap states
(due to Sn vacancies), whereas slow decay arises (7, on the
order of 11—120 ms) from deeper trap states caused by the ion
migration due to illumination. The full temperature-dependent
plots of both 7, and 7, across our Bl, E1, and E1B1 samples
are shown in Figures S6 and S7, respectively. To reduce the
complexity in the discussion, we focused on the rise time as a
metric that reports on trap-filling dynamics for comparative
analysis. Full fitting parameters for both rise and decay
components are provided in Tables S1—-S3.

The temperature dependences of the photocurrent rise and
amplitude of B1, E1, and E1B1 are shown in Figure 3A,B,
respectively. The photocurrent rise times (Figure 3A) for Sn
perovskite samples show a drastic change from B1 (2D) to E1
(3D), and the E1B1 (2D/3D) hybrid shows rise times in
between those two samples at higher temperatures. The
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Figure 3. (A) Distribution of 7, obtained by fitting TPC profiles

given in Figure 2 at different temperatures ranging from ~296 to 358

K for B, E1, and E1B1 and (B) magnitude of transient photocurrent

(TPC) amplitudes L, for B1, E1, and E1BI from ~296 to 358 K.

differences in the rise times between B1 and E1 stem from the
difference in the carrier mobilities and defect densities between
the samples. The faster rise time of B1 can be attributed to the
excellent long-ranée (in-plane) mobility in 2D perovskites over
3D perovskites.”” However, confinement effects of 2D
perovskites lead to inefficient carrier splitting, leading to
smaller photocurrents compared to 3D perovskites (Figure
3B). El and E1B1 (3D and quasi-3D) samples displayed
higher photocurrents compared to B1 (2D) at all temperatures
for the aforementioned reason. Further, the improvement in
the photocurrent in the E1B1 sample compared to E1 is due to
the passivation effects of Bl on El in the 2D/3D hybrid
samples. Additionally, high densities of Sn vacancies (~10'
em™> vs ~10'° cm™ for Pb perovskites)>*®* and mobile iodide
defects enhance ionic screening effects, delaying the establish-
ment of the internal electric field required for efficient carrier
drift, which leads to the slower rise of photocurrent in 3D (E1)
and 2D/3D (E1B1) Sn perovskites.

The photocurrent rise time (7;,.) of Bl showed a gradual
increment from 1.2 to 16 ms with an increase of temperature
from room temperature (RT) to 360 K. Similarly, E1 also
shows a gradual increase of 7, values; however, these changes
are modest (+10 ms) compared to the observed rise time of 90
ms at room temperature. However, a significant drop was
observed at 351 K. The gradual increase of 7, values for Bl
and El1 with temperature can be attributed to suppressed
carrier mobilities and concurrent thermal activation of
defects,®* whereas the observed drastic change in 7, at 351
K for El could be due to variation in the defect profile.
Interestingly, the E1B1 sample showed a change in 7, with a
decrease in value from 88 to 66 ms for the temperature range

between 298 and 326 K, and then gradually increases to 85 ms
up to 358 K.

The distinct trend observed for the 7, in the hybrid E1B1
system can be explained based on two coupled interfacial
effects arising from the physical pairing of the 2D cap (B1)
with the 3D bulk (E1): (i) passivating interaction at the 2D/
3D boundary that neutralizes surface Sn-related traps and
reduces interfacial recombination sites and (ii) thermally
assisted ion exchange that nucleates quasi-n = 2 domains at the
contact, producing a low-energy pathway for carrier extraction.
As a result of these effects, 7, in E1B1 initially decreases with
temperature up to ~323 K. Above ~326 K, thermal activation
destabilizes the interface: enhanced ionic motion and thermally
driven structural mismatch promote the formation of new
interfacial defects and deeper trap states. These thermally
activated traps increase the carrier capture cross-section and
require additional trap-filling before steady extraction can
occur, thus lengthening 7. The net result is a temperature
window in which the 2D cap first improves extraction and then
at higher temperatures contributes to trap-limited kinetics as
the interfacial landscape evolves. The physical contact
interaction between the 2D and 3D Sn-perovskite films has
been well documented.*”

Temperature-dependent PL experiments were conducted to
probe the electronic structure changes in B1, El, and E1B1
that lead to the observed TPC dynamics (Figure 4). The E1B1
samples were illuminated on the E1 side as we are interested in
understanding the effects of B1 on E1 under external stimulus.
The PL intensities of Bl, El, and E1B1 (Figure 4A—C)
decrease from ~296K to 358 K due to thermally activated
nonradiative recombination, primarily driven by Sn*' defect
formation.®® In addition to the decrease of PL intensities, these
samples also demonstrate shifts in the PL peak maxima. The
El side of the E1B1 sample showed emission from #n = 2 at 700
nm in addition to the emission peak from the native E1 state at
870 nm. These observations are in line with the electronic
structure changes in the physically stacked films discussed in
the previous works.”> Further, the dilations in the band gaps
were fitted to obtain temperature coefficients that can be
correlated to electron—phonon (EP) coupling.*®

Bl shows a negative temperature coefficient of —0.8 =+
0.1 meV/K (Figure 4D), indicative of strong EP coupling,67
and the thermal vibrations in the confined 2D lattice reduced
the Sn—I orbital overlap, which led to a reduction in the
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Figure 4. Photoluminescence (PL) spectra of 2D, 3D, and physically stacked 2D/3D hybrid structures on coplanar electrodes under —2.5 V
external bias and 450 nm excitation wavelength at different temperatures ranging from ~296 to 358 K for (A) B1, (B) E1, and (C) E1B1 and a plot
of peak energy vs temperature extracted from temperature-dependent PL spectra for (D) B1, (E) E1, and (F) E1B1. The E1B1 sample exhibits two
emitting phases—quasi-2D N2 and El, and the E1 phase displays two distinct temperature coeflicients.
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Figure 5. Activation energy E, derived from the photocurrent amplitude I, for (A) B1, (B) El, and (C) E1B1. All three samples exhibit distinct
activation regimes reflecting the temperature-dependent evolution of trap states.

bandgap. In contrast, E1 shows a positive temperature
coefficient of +0.6 + 0.1 meV/K (Figure 4E), consistent with
thermal expansion-induced widening of the bandgap. Elonga-
tion of Sn—I bonds weakens antibonding interactions, raising
the conduction band edge.

The physically paired E1B1 hybrid showed complex
temperature effects due to dimensional coexistence and
interfacial interactions. The quasi-2D (n ~ 2) peak displayed
a positive temperature coefficient of +1.13 + 0.1 meV/K,
characteristic of thermal expansion in partially confined
domains (Figure 4F) whereas the El-like peak in the hybrid
showed two distinct positive temperature coefficients of +1.04
+ 0.1 meV/K (for ~300—340 K range) and +3.4 + 0.1 meV/K
(above 340K), reflecting interfacial strain-induced bandgap
expansion. The temperature effects of PL agree well with the
change in dynamics of the TPC rise dynamics for E1B1
hybrids at higher temperatures.

The energy barriers associated with net charge extraction
(i.e., activation energies (E,)) were sought from the temper-
ature dependence of photocurrent amplitudes (I,,) using the
Arrhenius-type relationship: I, o exp(—E,/kT), where k is the
Boltzmann constant and T is the absolute temperature. This
approach captures the cumulative thermal barrier associated
with charge extraction, encompassing the combined effects of
trap-assisted recombination, ionic migration, and lattice
relaxation under applied bias. Compared to lifetime-based
(7) fittings, which often deviate from Arrhenius behavior due
to overlapping carrier relaxation and ionic redistribution
processes, the photocurrent amplitude provides a more
integrated measure of transport-limiting processes. The
extracted E, values (Figure SA—C) reveal distinct thermally
activated regimes that correlate with the lattice dimensionality
and defect chemistry across the Sn-perovskite series.

In the B1 system, two distinct activation-energy regimes are
observed from Arrhenius analysis of the photocurrent
amplitude. At low temperatures, E, = 0.13 + 0.03eV
corresponds to the energy required to liberate mobile species
from shallow defect states—primarily iodide vacancies weakly
bound in the 2D lattice. Above a certain temperature
(~320K), the photocurrent amplitude undergoes a pro-
nounced increase in slope, yielding a much greater apparent
E, of 1.4 + 0.05 V. This sudden jump reflects the onset of a
higher-energy process, most likely associated with the thermal
activation of deeper interfacial traps or the breaking of stronger
divalent-spacer-framework interactions that transiently “lock
up” ions until sufficient thermal energy is available to release
them. The elevated barrier in this high-temperature regime,
therefore, signals the emergence of a secondary, more strongly
bound defect population-mediated migration pathway that
dominates ionic motion once the 2D framework begins to
stiffen under continued heating.

In the E1 system, three activation-energy regimes emerge
from the temperature-dependent photocurrent amplitude:
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approximately 0.34 + 0.03 eV at low temperatures, 0.50 +
0.03 eV in the midtemperature range, and rising further to 0.70
+ 0.04eV at high temperatures. The sharp increase in
activation energy at higher temperatures reflects deep-trap
potentials and intensified electric fields from charged defect
clusters and grain boundaries that “pin” mobile ions until
sufficient thermal energy is available. The E1 network
maintains a rigid, interconnected trap landscape. This rigidity
enforces consistently high migration barriers that require
substantial thermal input to enable ionic motion.

The E1B1 hybrid structure also exhibits a three-regime
activation profile that reflects its mixed dimensionality and
evolving interfacial landscape. In the low temperature regime,
an E, of 024 =+ 0.03eV indicates that the 2D cap layer
effectively passivates surface defects and relaxes the underlying
3D lattice, facilitating ion migration across the interface with a
reduced barrier height. As temperature increases into the
midrange, E, rises to 0.43 + 0.03 eV, signaling the formation of
thermally activated trap states at the 2D/3D boundary, likely
due to ion accumulation and structural mismatch, that impede
long-range vacancy diffusion. In the high temperature regime,
E, further escalates to 0.63 + 0.04 eV, marking the dominance
of deep interfacial traps and strengthened electrostatic pinning
that substantially hinders ionic redistribution.

Comparing our Sn-based activation energies with those
reported for Pb-halide analogues, we emerge several key
insights. In 3D MAPDI;, reported activation energies lie
between 0.2 and 0.3eV, consistent with iodide-vacancy
migre;.tion.40‘42 In contrast, our FASnl; (E1) films exhibit a
base-level barrier of 0.34 eV that rises to 0.50 eV and 0.70 eV at
higher temperatures, pointing to increasingly deep trap states
and stronger grain-boundary immobilization than in lead
analogues. Notably, similar multistep activation energy
behavior has also been observed in MAPbI; under certain
bias and temperature conditions.”® Likewise, both Bl and
E1B1 start with low barriers (~0.13eV) reflecting facile
vacancy release from shallow traps in well-passivated 2D
lattices. However, as temperature rises, they switch into much
higher-energy regimes (>0.4 eV, reaching ~1.4eV for Bl),
evidencing the thermal activation of deeper defect populations
and interfacial traps unique to Sn perovskites with mixed
oxidation states and strong spacer—framework interactions.

3.2. Mechanism. In lateral TPC measurements, the
photocurrent rise time (7,;,) and the stabilized photocurrent
amplitude (Iph) together offer direct mechanistic insight into
the barriers and traps governing carrier extraction in Sn
perovskites. In the 2D BDASnI, (B1) system, 7, is rapid
(~1.2ms) because only shallow surface and interfacial states
require filling before steady-state drift is established, and ionic
screening is negligible due to the insulating organic spacers.
However, I, is the lowest of the series: carriers are laterally
confined to short diffusion lengths and must surmount
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potential steps at each spacer layer, limiting the net extracted
current.

In contrast, in the 3D FASnl; (El) film, 7, slows
dramatically (~90ms) as photocarriers sequentially occupy
abundant deep Sn-related traps; only after these defects fill and
mobile ijodide vacancies partially screen the bias field can
efficient drift occur. Once this internal field builds, I, reaches
its maximum since carriers would like to extend transport
pathways across the continuous 3D network.

The physically paired E1B1 hybrid bridges these extremes:
T (~88 ms) shortens relative to pure E1 because the 2D cap
layer passivates interfacial traps and reduces the initial trap-
filling burden, while I, remains substantially higher than B1,
thanks to the 3D backbone’s long-range transport and ionic
field screening.

Across all compositions, raising temperature uniformly
decreases 7, and increases I, confirming that thermal
activation lowers ionic migration barriers, accelerating field
establishment, and enhancing carrier mobilities. In this way,
the combined 7, and I, metric succinctly encodes how
electronic trap densities, ionic dynamics, and interfacial
engineering together dictate extraction kinetics and steady-
state performance in Sn-based perovskites.

4. CONCLUSION

This study reveals how lattice dimensionality and interfacial
design dictate the intertwined electronic and ionic dynamics in
tin perovskites, as probed by transient photocurrent (TPC)
and in situ photoluminescence (PL). In the purely 2D
BDASnI, (B1), quantum-well confinement and insulating
diammonium spacers virtually eliminate deep traps and block
long-range vacancy transport, yielding a fast photocurrent rise
(T~ 1 ms). In contrast, the 3D FASnI, (E1) lattice hosts
abundant midgap defects and high migration barriers,
producing a sluggish rise (7,,,~ 90 ms). In the physically
paired E1B1 hybrid, 7,;, decreases with increasing temperature
up to ~ 326 K-reflecting 2Dcap-induced passivation and lattice
relaxation that accelerate charge extraction and then increases
modestly beyond 326 K as interfacial ion accumulation and
strain generate new trap states before stabilizing. These
temperature-dependent transitions demonstrate that the
dimensional hybrid structure can either enhance or undermine
performance, depending on thermal and electrostatic con-
ditions. Achieving both rapid response and thermal stability in
Sn perovskites therefore requires precise control over Sn-defect
populations, interfacial strain, and trap landscapes through
tailored spacer chemistry and interface engineering—paving
the way toward robust lead-free optoelectronics.
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