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ABSTRACT: The dynamics of exciton and free-carrier relaxation of low-dimensional tin
iodide perovskites, BA2FAn−1SnnI3n+1, where n = 1 (N1), 2 (N2), 5 (N5), and 10 (N10), were
investigated with femtosecond transient absorption spectra (TAS). The absorption and
photoluminescence spectra of N1 and N2 show exciton characteristics due to quantum
confinement, whereas N5 and N10 display a free-carrier nature, the same as for bulk three-
dimensional (3D) films. The TAS profiles were fitted according to a global kinetic model with
three time coefficients representing the interactions of biexcitons, trions, and excitons for N1
and N2 and hot carriers, cold carriers, and shallow trap carriers for N5 and N10. The carrier
relaxation dynamics of N5 and N10 were similar to those of 3D FASnI3 except for the absence
of surface recombination in the deep-trap states due to passivation of the grain surfaces by the
long alkyl chain for these quasi-2D samples (N5/N10 vs 3D).

Low-dimensional (LD) organic−inorganic halide perov-
skites have been broadly utilized in photovoltaic and

optoelectronic applications because of their impressive device
performance, along with attractive features such as superior
atmospheric stability, wavelength tunability, large exciton
binding energies, and quantum and dielectric confinement
effects.1−13 They are popularly prepared in the forms of the
Ruddlesden−Popper (RP) type,3,11 the Dion−Jacobson (DJ)
type,5,10 and the alternating cation type9,11 with molecular
formulas of A′2An−1MnX3n+1, A′An−1MnX3n+1, and A′AnMnX3n+1,
respectively. A′ is a bulky organic cation. A is a small organic
cation. M represents metal cations such as Sn2+ and Pb2+. X
represents a halogen atom. They can be mechanically
exfoliated into two-dimensional (2D) thin sheet-like structures
from their single crystals; multi-quantum-well heterostructures
of desired phases can also be formed when they are
stacked.12,13

The use of LD structures such as 2D and quasi-2D phases in
tin perovskite solar cells (PSCs) has proven to be advanta-
geous as they can enhance their stability through passivating
the Sn vacancies and suppressing the self-doping due to
oxidation of Sn2+ to Sn4+, an enduring problem in three-
dimensional (3D) Sn PSCs.1,6,14−16 The reasons for Sn
vacancies and self-oxidation of Sn atoms were explained as
being due to a strong antibonding coupling between Sn (5s)
and I (6p) orbitals, which is weaker in LD structures because
orbitals are localized through confinement effects. As a
consequence, the overlap between the two orbitals also
decreases.17,18 To obtain the greatest power conversion
efficiencies (PCEs) from a 3D Sn PSC, purification of Sn
precursors,19,20 complexation of Sn precursors with dimethyl
sulfoxide,20−22 two-step crystallization,23,24 additives,25−28 and

mixed cationic structures29,30 were reported for preparations of
Sn perovskite thin-film samples.
Although LD tin perovskites are promising photovoltaic

materials, they also suffer from some problems such as random
orientation and mixed-phase formation due to rapid nucleation
during film preparation.9,10 A vertical orientation and phase
purity are desired characteristics for preparing LD PSCs with
optimum performances as they can increase the diffusion
length of carriers and enable efficient charge extraction;7,11,31

on the contrary, random orientations induce asymmetric
charge transport, and mixed-phase samples induce energy
transfer on a picosecond time scale, with other nonradiative
processes. Femtosecond transient absorption spectra (TAS)
thus become a powerful tool for identifying the phase purity in
LD tin perovskite structures.14,32 Ultrafast spectral studies on
LD lead perovskite films showed the complicated interplay of
excitonic, quantum, dielectric confinement effects, and energy-
cascade kinetics between LD and higher-dimensional struc-
tures,2,4,8,33,34 but such studies are scarce for tin perovskites.
In this work, we employed a femtosecond TAS technique to

study LD Sn perovskite thin-film samples of the type
BA2FAn−1SnnI3n+1, where BA is n-butyl ammonium, FA is
formamidinium, and n = 1 (N1), 2 (N2), 5 (N5), and 10
(N10) according to the stoichiometric ratios of the precursors.

Received: October 19, 2021
Accepted: December 17, 2021
Published: December 21, 2021

Letterpubs.acs.org/JPCL

© 2021 American Chemical Society
12292

https://doi.org/10.1021/acs.jpclett.1c03427
J. Phys. Chem. Lett. 2021, 12, 12292−12299

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 Y
A

N
G

 M
IN

G
 C

H
IA

O
 T

U
N

G
 U

N
IV

 o
n 

A
ug

us
t 7

, 2
02

2 
at

 1
0:

54
:2

1 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sudhakar+Narra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chia-Yi+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashank+Seetharaman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Efat+Jokar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+Wei-Guang+Diau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.1c03427&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03427?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03427?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03427?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03427?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c03427?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/12/51?ref=pdf
https://pubs.acs.org/toc/jpclcd/12/51?ref=pdf
https://pubs.acs.org/toc/jpclcd/12/51?ref=pdf
https://pubs.acs.org/toc/jpclcd/12/51?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c03427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf


Here the long ammonium alkyl chain BA served as a spacer
(barrier) in a preparation of the LD perovskite thin-film
samples. The N1 and N2 samples are shown to be excitonic in
nature, whereas the N5 and N10 samples generate free carriers
upon excitation; the corresponding kinetic models for
relaxation are proposed on the basis of the observed
femtosecond TAS results. Our TAS experiments also show
evidence for suppression of surface recombination in the LD
Sn perovskite thin-film samples reported herein.
The BA2FAn−1SnnI3n+1 perovskite thin-film samples were

prepared with a one-step spin-coating method as described in
the Supporting Information. Structural, morphological, and
optical characterizations of the 2D/quasi-2D tin perovskite
samples are shown in Figure 1. The scanning electron
microscopy (SEM) images (Figure 1a−e) display compact
and smooth films for N1, N2, and N5 samples with no grain
boundary; N10 and 3D samples show formation of nanograins
but also involve pin holes. The GIWAX diffractograms shown
in Figure S1a−f indicate that all 2D/quasi-2D samples have
random orientations as the Debye−Scherrer rings show
discontinuous patterns.11 The prepared thin films show
excellent crystallinity, as one can see from the sharp X-ray
diffraction (XRD) signals in Figure 1f. The XRD patterns
(Figure 1f) confirm the formation of layered perovskite films;
the N1 and N2 samples show signals related to the (00l) (l = 2,
4, 6, 8, and 10) orientation of the 2D perovskites.35 The N2
sample also showed weak (X00) signals related to the quasi-
cubic phase of 3D FASnI3, similar to N5 and N10 samples.25

In summary, the BA-FA mixed Sn perovskite films prepared in
this work had pure 2D, quasi 2D, and pure 3D phases as the
FA cation ratio increased from 0% to 100%.
The absorption and photoluminescence (PL) spectra show a

marked blue shift with an increase in the proportion of BAI
incorporated into Sn perovskite films, as shown in Figure 1g.
The PL spectra show a blue shift of 252 nm, from 882 to 630
nm, as the BA ratio increased, which confirms the formation of
a LD perovskite phase with a decreasing nanolayer nature. The
PL spectrum of N1 shows an asymmetric excitonic band with a
maximum at 630 nm; the tail at a longer wavelength is
associated with trap states. In contrast, N2 shows two maxima,
one prominent at ∼690 nm and the other minor at ∼890 nm.
The latter band matches PL bands observed for N5, N10, and
3D PL spectra, which indicates N2, N5, and N10 have a mixed
crystal structure containing higher-dimensional phases.

The absorption spectra of Sn perovskite thin-film samples
correlate well with their corresponding PL spectra, as shown in
Figure 1g. A pure FASnI3 sample shows an absorption edge
near 900 nm, whereas a single-layer 2D N1 sample shows a
blue shift in its absorption spectrum with a sharp first excitonic
absorption band occurring at 606 nm with a Stokes shift of
approximately 24 nm (∼0.07 eV) from its first excitonic
emission maximum. With this sharp first excitonic transition
are also displayed higher excitonic transitions in its absorption
spectrum at 430 and 518 nm, corresponding to the second and
third excitonic transitions, respectively. The N2 sample shows
only one sharp excitonic absorption at 680 nm with a small
Stokes shift of 10 nm from its prominent emission maximum.
In contrast, for N5 and N10 samples, no excitonic absorption
was observed; the spectra resemble that of their 3D analogue.
As both N1 and N2 samples show excitonic features, it is
desirable to estimate the binding energy of excitons through
fitting the steady-state absorption spectra with a well-known
quantum-well model, as described elsewhere.36

The absorption spectra were fitted according to eqs 1−4:
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where X(E) and Con(E) are the absorbances of the exciton
and continuum bands, respectively, and Ex, Eb, Wx, Wc, H, and
η are the exciton transition energy, exciton binding energy,
exciton line width, continuum edge width, continuum edge
step height, and asymmetric broadening, respectively. The
fitted results are summarized in Table S1. The exciton binding
energies of N1 and N2 are 287 and 220 meV, respectively. In
contrast, when the 2D layers increased to five (N5), ten
(N10), and infinity (3D), the exciton binding energy shows a
marked decrease to 10−20 meV, near thermal energy at room

Figure 1. (a−e) SEM images, (f) XRD patterns, (g) ultraviolet−visible (solid lines) and PL (dashed lines) spectra, and (h) TCPSC decay profiles
of BA2FAn−1SnnI3n+1 (n = 1, 2, 5, 10, and ∞, referring to N1, N2, N5, N10, and 3D, respectively) perovskite thin-film samples.
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temperature (∼13 meV). This condition would indicate the
disappearance of a quantum confinement effect and the fact
that the excitons can be dissociated into carriers readily using
the thermal energy available at room temperature.
The PL transient decays were observed with time-correlated

single-photon counting (TCSPC) to determine the lifetimes of
excitons and free carriers in those Sn perovskite samples. For
samples N1 and N2, a 375 nm picosecond laser was used for
excitation with emission monitored at their respective emission
maxima, i.e., at 630 nm (N1) and 690 nm (N2). Alternatively,
for the N2 (second phase), N5, N10, and 3D samples, a 635
nm picosecond laser was used for excitation; emission was
monitored at 850 nm. The emission decay profiles were fitted
with a bi- or triexponential decay function convoluted with the
instrument response function (∼80 ps); the results are shown
in Figure 1h. The fitted results are listed in Table S2. As the
number of perovskite layers increased, the average lifetime
increased from N1 to N2 but decreased at N5 and then further
increased for N10 and 3D. Samples N1 and N2 exhibit an
excitonic nature; the increased lifetime is thus an indicator of
weakening of the confinement on doubling n from 1 to 2
because excitons recombine much more rapidly than carriers.
The decreased lifetime of N5 indicates a poor morphology
without distinct grain boundaries. In contrast, the N10 and 3D
films showed a systematically increased lifetime. Comparing
the N10 and 3D films, we found that N10 shows a morphology
that is better than 3D but the carriers are localized in the quasi-
2D network, whereas the 3D film shows the crucial role of a
3D network in prolonging the carrier lifetime upon
delocalizing charges created in the film. Photovoltaic cells
were fabricated with the 2D/quasi-2D Sn perovskite films
tested here. J−V curves of the N1−N10 devices are shown in
Figure S2. The photocurrent density (JSC), open-circuit voltage
(VOC), fill factors (FF), and power conversion efficiencies
(PCEs) increase with the thickness of the quantum well. The
PCE values for N1, N2, N5, and N10 are 0.1%, 0.7%, 2.1%,
and 4% respectively, which are lower than those for 3D or 3D/
2D Sn perovskites. VOC of N1 is larger than for other samples
because of a large band gap, whereas N2 showed a smaller VOC
because of its mixed-phase feature. The insight into the
mechanism of exciton/carrier relaxation in these samples was
further investigated with the femtosecond TAS technique.
Femtosecond TAS experiments with the N1 and N2 samples

were performed with excitation at 520 nm and a probe in the

range of 530−970 nm; the time-dependent spectra are shown
in panels a−d of Figure 2, with the corresponding temporal
profiles depicted in panels e and f of Figure 2. Both N1 and N2
samples display a sharp photobleach (PB1) band correspond-
ing to their first excitonic transitions at 605 and 676 nm,
respectively, with photoinduced absorption (PIA) bands on
either side of the PB1 band labeled PIA1 and PIA2 for longer
and shorter wavelength sidebands, respectively. The N2 sample
shows an additional PB band (PB2) on the short wavelength
side, corresponding to a higher excitonic transition, and broad
PIA and PB bands in the near-IR region due to the existence of
high-order phases. As spectral features of N1 and N2 samples
closely resemble 2D quantum-well structures with sharp
excitonic resonances in their steady-state spectra, photo-
excitation is expected to lead to weakening of confinement
of the excitons produced. In a strongly confined system,
photoexcitation induces an increase in the bandgap due to a
decrease in the exciton binding energy, whereas in a weakly
confined system, a decrease in the bandgap is observed due to
the effect of bandgap renormalization (BGR).37,38 Apart from
reduction of the exciton binding energy and the BGR effect
leading to the spectral shifts, carrier−carrier scattering and
exciton localization at interfaces lead to spectral broad-
ening.38,39 The actual shape of the TA spectra depends on
the cumulative effects of all of the aforementioned processes.
As both N1 and N2 samples show a second-derivative feature
with an intense PIA band on the red side of the TAS, these
samples might fall under a weak confinement regime, with
sample N1 showing a PIA1 band that is more intense than that
of sample N2. The weak confinement can also be rationalized
from the perspective of inherent p-doping of the valence bands
of Sn perovskites due to the possible Sn2+/Sn4+ oxidation
process. In the case of Pb-halide perovskite systems, PIA bands
displayed spin effects and these PIA bands were assigned to
biexcitonic and polaronic excitonic states.39−42 According to
the circular polarization experiments, the PIA1 band of the Pb-
halide quantum wells was assigned to a biexcitonic state42

populated by the probe pulse. In our case, a similar circular
polarization experiment was performed to show the biexciton
nature of the PIA1 band for the N1 sample (Figure S3). The
PIA2 band could be a polaronic excitonic state populated
through photoexcitation by breaking of the inversion symmetry
of the inorganic layer due to structural distortion similar to the
Pb-halide perovskites.39

Figure 2. Transient absorption spectra between (a and b) 0−2 ps and (c and d) 2−1200 ps for samples N1 and N2 as indicated. (e and f)
Transient absorption profiles of N1 and N2 thin films, respectively. These thin-film samples were excited at 520 nm with a pulse energy of 2.4 μJ
cm−2. The transient decay profiles were fitted with a triexponential function model with the resulting time coefficients as indicated.
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To strengthen the assignment of the PIA band to the
biexcitonic state, resonant excitation experiments (λex = 600
nm) have been performed further as the yield of biexcitons
decreases under resonant conditions when compared with that
for above bandgap excitation conditions. Experiments at a
resonant excitation wavelength (λex = 600 nm) performed for a
pure N1 sample shown in Figure S4 display clear isosbestic
points between PB and PIA bands, implying that these
excitonic states are coupled near band edge reflecting the BGR
effect, whereas excitation at a shorter wavelength (λex = 520
nm) shows collapsed isosbestic points at greater delays, which
implies that the origin of these bands differs slightly. The
intensity of band PIA1 is smaller under resonant conditions
than with excitation at shorter wavelengths as the yield of
biexcitons is typically smaller under resonant conditions. Thus,
the intensity variations displayed by the PIA1 band from both
circular polarization and resonant excitation experiments
suggest the PIA1 band with origins in both BGR and
biexcitonic states.
A triexponential kinetic model of satisfactory quality was

applied to fit the TAS transients with convolution of a
Gaussian pulse (∼250 fs) to the decay profiles of PB and PIA
bands for both samples N1 and N2. For sample N1, the fitted
results show the following time coefficients: τ1 = 6 ps, τ2 = 60
ps, and τ3 ∼ 1 ns. Similarly, for sample N2, the fitted results
show the following time coefficients: τ1 = 200 fs, τ2 = 87 ps,
and τ3 ∼ 2 ns. τ1 of N2 is, remarkably, much smaller than that
of N1, which is discussed below. Although the origin of PIA
bands differs from that of PB bands, their unified decay
suggests the correlated or coupled nature of the electronic
states; decoupling such states requires further study. A similar
unified decay between PB and PIA bands was observed in Pb-
halide perovskite quantum wells reported elsewhere.43 The
time coefficients τ1−τ3 obtained from fitting the transient
kinetics were assigned to recombinations mediated by
biexcitons, trions, and excitons, respectively, as explained
below. The biexciton’s Auger recombination typically occurs in
several picoseconds in perovskite nanocrystals,36 and the
observed time scale matches the time coefficient τ1 reported
for N1 here; thus, τ1 should be that of annihilation of excitons
via biexciton formation. The slower decay τ2 is often associated
with recovery of excitons via formation of trions in perovskite
nanocrystals due to the presence of surface defects and ionized

impurities, but their existence has not been considered so far
for 2D perovskite quantum-well structures. We propose that
formation of trions in N1 and N2 is more likely because of the
p-doping of the valence bands due to oxidation of Sn2+ to Sn4+;
the decay component τ2 should be that of a trion, whereas the
nanosecond decay component τ3 should be that of an exciton.
The TA spectra of samples N5 and N10 in Figure 3 show a

close resemblance to the 3D FASnI3 results reported,44 also
shown in Figure S5. It might be possible that both N5 and N10
also formed impure higher-dimension phases similar to N2.
Both samples N5 and N10 show two PB bands and one PIA
band, assigned to PB1, PB2, and PIA1, as indicated in Figure 3.
The magnitudes of ΔA of sample N10 were >3 times those of
sample N5, as one can see from the magnitudes of PB1 bands
shown in their respective decay profiles. The PB1 band is
associated with a band edge bleaching signal, whereas PIA1 is
associated with hot carriers undergoing cooling to form cold
carriers. These samples also show a characteristic bandgap
renormalization in the earlier period between 0 and 2 ps (see
panels a and b of Figure 3) similar to the 3D Sn perovskite.44

As the TAS profiles are similar to those of the 3D FASnI3, their
relaxation kinetic model was also treated similarly using a
parallel sequential approach to account for surface and bulk
trap-mediated recombination dynamics,44 but this model failed
to fit the transient data globally. In contrast with 3D FASnI3,
the transients of samples N5 and N10 follow only a
consecutive relaxation kinetic model according to eq 5:

→ → →
τ τ τ

hot carriers cold carriers trap states ground state1 2 3

(5)

The global fit of the transient decay data according to the
consecutive model described in eq 5 yielded decay time
coefficients associated with hot-carrier cooling (τ1), trap-state
filling (τ2), and bulk trap-state-mediated recombination (τ3),
giving values of 355 fs, 184 ps, and 1.6 ns, respectively, for
sample N5. Similarly, for N10, the consecutive model yielded
time coefficients of 304 fs, 78 ps, and 1.7 ns, respectively. The
decay profiles and curve fits of the transients are shown in
panels e and f of Figure 3; their corresponding spectra from a
global fit are shown in Figure S6. The trap-state filling from
cold carriers (τ2) relaxes more rapidly for N10 than for N5, but
ΔA for N5 is smaller than for N10 because of the weaker
absorption (Figure S7) of the former. Furthermore, the fit of

Figure 3. Transient absorption spectra between (a and b) 0−2 ps and (c and d) 2−1200 ps for samples N5 and N10 as indicated. (e and f)
Transient absorption profiles of N5 and N10 thin films, respectively. The thin-film samples were excited at 520 nm with a pulse energy of 2.4 μJ
cm−2. ΔA values of TA spectra of N10 were scaled relative to N5 for the sake of clarity; the actual magnitudes are shown in their TA decay profiles.
The transient decay profiles were fitted with a consecutive model with a triexponential function with fitted time coefficients as indicated.
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sample N5 and N10 transients with a consecutive model
indicates that the surface defect relaxation is absent in these
samples, because the films show fewer grain boundaries than
their 3D analogue shown in the SEM images (panels c and d of
Figure 1vs panel e of Figure 1). The absence of surface
recombination is a remarkable feature of these samples; the
underlying reasons are discussed below.
On the basis of the TAS results shown in Figures 2 and 3, we

propose an exciton/carrier relaxation mechanism for samples
N1, N2, N5, and N10, which is shown in Figure 4 and Figure
5. LD perovskites with a short quantum well such as samples
N1 and N2 behave like excitons, whereas N5 and N10 behave
like free carriers. The relaxation mechanism of N1 and N2
shown in Figure 4 can explain the transient decays associated
with biexcitons, trions, excitons, and shallow traps for observed
time coefficients τ1−τ4, respectively; τ1−τ3 were determined by
TAS, and τ4 was determined by TCSPC. The two PIA bands
were observed on the blue and red sides of the PB band in the
form of populating of dark excitons following photoexcitation
due to symmetry breaking (ΔS ≠ 0), whereas the biexcitonic
state is formed when the dark exciton encounters a bright
exciton, which decays rapidly on a subpicosecond time scale
with time coefficient τ1. The binding energy of a biexciton of
N1 determined from the energy difference between PB1 and
PIA bands is ∼67 meV, which is consistent with the biexciton

binding energies determined for the LD Pb perovskites.36,45

Similarly, when an exciton interacts with a free carrier or
ionized impurity, a trion species is formed, which decays on a
picosecond time scale with time coefficient τ2; direct
recombination occurs on a nanosecond time scale with time
coefficient τ3. To compare the relaxation dynamics between
N1 and N2, the most pronounced difference is a biexcitonic
interconversion between bright and dark excitons. τ1 of N2 is
much smaller than that of N1 (200 fs vs 6 ps), presumably
because of the retarded interaction of the latter by the BA
ligand. Recent theoretical calculations indicate funneling of
electrons and holes in the so-called insulating-barrier layers for
LD Pb perovskite quantum-well structures.45 The formation of
LD Sn perovskite biexcitons in different layers of sample N1 is
thus plausible,46 which retards the lifetimes of the biexcitons
for N1 because of the insulating barrier layer. In sample N2,
however, most bright and dark excitons might be located
nearby in the same layer to induce a rapid biexcitonic
relaxation. We cannot, however, exclude the existence of phase
impurity in sample N2 that accelerated the biexcitonic
relaxation. The time scale of energy transfer in mixed-phase
LD Pb perovskites was determined to be <0.2 ps.33,47−49

Beyond the rapid spin-split biexciton relaxation, accelerated
relaxation of biexciton in the case of N2 involving a high-order
phase transformation hence seems to be possible.

Figure 4. Structural representation and mechanism of exciton-mediated relaxation of samples N1 and N2. Gray curves represent high-order (or
3D) phases; dashed curves represent spin-split states.

Figure 5. Structural representation and mechanism of free-carrier-mediated relaxation of samples N5 and N10. Dashed lines represent shallow- and
deep-trap states as indicated.
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The carrier relaxation mechanism of samples N5 and N10
shown in Figure 5 is similar to that of 3D FASnI3 reported
elsewhere,44 except that these LD samples show no surface
defect relaxation. Similar to N2, samples N5 and N10 might
involve a high-order phase transformation to occur too rapidly
to be observed within our apparatus response. The carrier
relaxation model in Figure 5 shows the consecutive decay
processes involving ultrarapid hot-carrier relaxation (and
possibly funneling to the high-order or 3D phase), trap-state
filling, and bulk defect-mediated recombination with time
coefficients τ1−τ3 occurring on subpicosecond, picosecond,
and nanosecond time scales, respectively. The absence of
deeply trapped surface recombination in the LD samples
compared with 3D FASnI3 can be understood in terms of an
increased activation barrier to populate the deep defect states
located inside the conduction band. Time-dependent density
functional theory calculations indicate that LUMO levels of the
A-site cation lie above the conduction band minima acting as
carrier traps for perovskite materials.50 A-Site cation blending
with additives such as EDAI2

25 and co-cations such as
guanidinium,30 azetidinium,29 and phenylhydrazinium thio-
cyanate51 show passivation effects with enhanced carrier
lifetimes. The effect of surface passivation might induce
shifting of LUMO levels of hybridized organic cations, which
can scavenge surface charge carriers. Our result shows that the
BA chain could also afford an effect similar to that of additives
and co-cations on creating an activation barrier for charge
trapping on the surface of the LD tin perovskite so that the
deeply trapped surface states cannot be reached (Figure 5).
The TAS decays presented here show that surface recombi-
nation can be retarded with bulky alkyl chains, whereas the
TCSPC decay kinetics (τ4) show a carrier lifetime longer for
3D FASnI3 than for LD structures. Passivating the surface with
an appropriate long alkyl chain would thus yield LD tin
perovskite samples with the desired optical characteristics.
In conclusion, we employed a femtosecond TAS technique

to study the relaxation dynamics of low-dimensional (LD) Sn
perovskites (BA2FAn−1SnnI3n+1) in a series fabricated using
butyl ammonium iodide (BAI) as a terminating reagent to cut
the 3D network into 2D and quasi-2D quantum-well
structures. Investigations of SEM, XRD, GIWAX, ultra-
violet−visible, and PL spectra were undertaken to support
the formation of LD structures according to varied
stoichiometric ratios of precursors for samples N1 (n = 1),
N2 (n = 2), N5 (n = 5), and N10 (n = 10). The absorption
spectra were fitted to a quantum-well model to determine
binding energies of 287, 220, 21, and 10 meV for N1, N2, N5,
and N10, respectively. These results indicate that N1 and N2
samples are excitonic but N5 and N10 are free carriers in
nature. The PL decay profiles measured with TCSPC show
increased lifetimes as n increases, with the slow decay
component assigned to be the shallow trap-state recombina-
tion on a time scale greater than nanoseconds. The TAS
profiles measured for N1 and N2 show an excitonic behavior.
Their subsequent decay dynamics were fitted with a
triexponential function kinetic model involving formation of
biexcitons, tri-ions, and excitons in these LD samples. The TAS
profiles of N5 and N10 resemble those of 3D FASnI3, but their
recombination dynamics can be described with a consecutive
decay model without a contribution from the surface trap
states due to the involvement of the bulky BA chains to
suppress the carrier recombination on the surface. The
lifetimes of excitons are much shorter than the lifetimes of

carriers, which is consistent with the corresponding order of
device performance: N10 > N5 > N2 > N1. Our results hence
disclose a comprehensive concept for LD tin perovskites with
long-chain ligands to suppress surface recombination caused by
trap states to enhance the device performance.
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