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In this work, we show that the quality of the precursor and the thin film preparation strongly affect the
optoelectronic properties of the 2D perovskite BA2PbI4. 2D perovskites with alkylammonium organic cations
such as butylammonium (BA) are relatively soft structures that exhibit large dynamic disorder and phase
variations. Here we show, by a variety of spectroscopy techniques (steady state absorption, photoluminescence
and ultrafast transient absorption), that at temperatures below the phase transition (253 K) the material exhibits
excitonic features from the room temperature phase (due to incomplete structural transition) and a broadband
emission at 560–600 nm (due to self-trapped excitons) with varied relative intensities depending on the
precursors and processing conditions. This suggests that the processing conditions have a large influence on the
crystallization and introduction of extrinsic defect impurities directly affecting the optoelectronic properties.
Making absolute statements about the properties of BA2PbI4 requires improved control over the materials thin
film deposition and a better understanding of the role of the lattice vibrational dynamics and extrinsic defects
on the exciton dynamics.

Keywords: 2D perovskites, femtosecond transient absorption, photoluminescence, phase transitions, thin films.

Introduction

Two-dimensional (2D) organic-inorganic lead halide
perovskites are rapidly attracting research interest due
to their promising efficiency in solar cells and their
improved moisture stability, as compared to their 3D
counterparts. In addition, they exhibit intriguing
optoelectronic properties that make them suitable for
other applications, for instance light emitting devices
(LED), nano-lasers, photodetectors.[1–9] 2D Perovskites
are layered analogues of 3D hybrid halide perovskites
that are formed by partially or fully replacing the
commonly used methylammonium (MA) cation with a
larger alkylammonium (for instance butylammonium

(BA) or phenyl-alkylammonium (PEA)) cation. This
reduces the general three-dimensional (3D) perovskite
framework into a layered structure with inorganic
octahedral lead-halide layers separated by the large
organic cations.[10] In such structures, electrons and
holes are dimensionally and dielectrically confined to
the inorganic layer where they experience a large
mutual attraction, resulting in stable excitons at room
temperature with exciton binding energies (Eb) of
~200 to 400 meV.[11,12] Despite the large exciton
binding energies 2D perovskites with only one
inorganic layer (n =1), such as BA2PbI4 with Eb=

~370 meV,[13] generally exhibit inefficient photolumi-
nescence. This low efficiency has been attributed to
thermal quenching of the excitons or strong exciton-
phonon interactions caused by lattice fluctuations and
dynamic disorder.[4,12,14–19] The most widely studied
2D perovskites for device applications contain butyl-
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ammonium (BA) mixed with MA to form multiple
inorganic octahedral layers, BA2MAn� 1PbnI3n +1 (n =2,
3, 4). These multilayer, so-called 2D-3D ‘Ruddlesden–
Popper’ phases have been used to make efficient solar
cells and light-emitting diodes.[3,4] The efficiency of
these devices improves with the number of layers as
the confinement and exciton binding energy decrease,
resulting in optoelectronic properties that are more
similar to 3D perovskites and possibly due to an
increased rigidity of the lattice.[8,9,13]

2D Perovskites with alkylammonium chains as
organic compounds are relatively soft materials that
exhibit considerable structural fluctuations due to low
interaction between the chains, which ultimately leads
to phase transitions close to room temperature.[20]

BA2PbI4 exhibits a phase transition (at ~253 K) due to
a reorientation of the BA cations, increasing the
inorganic lattice distortion and band gap of the
material from ~2.4 eV to 2.56 eV.[20] In literature, there
is no clear understanding of the relation between the
excited state dynamics, the nature of the organic
cation and thermal lattice fluctuations (phonon vibra-
tion modes) in 2D perovskites.[21,22] Some studies have
reported complex absorption and emission spectra
(many transitions energies) at low temperatures of
which the origin has been related to several effects
such as phase transitions, strong many-body interac-
tions between the excitons in the inorganic layer and/
or formation of higher order biexcitons and self-
trapped excitons.[12,23–31] A comparison of all these
studies reveals that there are large differences in the
relative intensities of the different features in the
spectra, especially in the broad band emission inten-
sities at ~560–800 nm that are associated with self-
trapped excitons.[26–30] Studies to design broadly
emitting perovskite compounds associate efficient
self-trapped exciton emission from lattice distortions
of the inorganic cages.[26–30] However, the large differ-
ences in the relative intensities point to self-trapped
excitons in defects introduced during the preparation
methods.[26] This suggests that the quality and prepa-
ration methods of 2D perovskites are critical to under-
stand the complexities in the observed excited state
dynamics.
In this work, we have studied the excited state

dynamics of BA2PbI4 thin films obtained by different
preparation methods with a variety of spectroscopy
techniques (steady state absorption, photolumines-
cence and ultrafast transient absorption) as a function
of temperature. We have found that the initial quality
of the precursor and the thin film preparation
conditions strongly affect the optoelectronic proper-

ties. First, we have found that the use of BA2PbI4 with
a lower crystal quality (nanometer-micrometer pow-
ders) and unoptimized processing conditions (old
solutions, higher processing temperatures, longer
annealing time) results in higher emission intensities
at 560–700 nm. This shows that broadband emission
in 2D perovskites from self-trapped excitons is influ-
enced by extrinsic defect impurities and not only by
the lattice deformation. The emission from these
defect states becomes larger at lower temperatures
and exhibit a longer recombination lifetime than the
excitonic transitions. In addition, we found that even
in films prepared with the highest BA2PbI4 quality
(millimeter-size single crystals) processed under ex-
actly the same conditions, the relative absorption or
photoluminescence emission intensities from the ex-
citonic states of the different phases at temperatures
below the 253 K phase transition vary from sample to
sample. This inhomogeneity shows that in BA2PbI4
films, the phase transition is not complete below 253 K
and control over these micro grains on thin films is
very difficult. By performing ultrafast pump-probe
transient absorption measurements as a function of
temperature, we confirm the variability of relative
intensities between the high and low temperature
excitonic phases. This variability is related to the lack
of interaction between the alkylammonium chains and
the relative ‘softness’ of 2D perovskite structures with
alkylammonium chains, leading to larger dynamic
disorder and variations in the optoelectronic proper-
ties. This research shows that making absolute state-
ments about the optoelectronic properties and excited
state dynamics of 2D perovskites with alkylammonium
molecules requires improved control over the materi-
als thin film deposition and a better understanding of
the role of the lattice vibrational dynamics and
extrinsic defects on the exciton dynamics.

Results and Discussion

Optoelectronic Properties of BA2PbI4

In order to study the optoelectronic properties of
BA2PbI4, we prepared thin films by hot-casting, varying
the initial quality of the BA2PbI4 crystals, temperature
and spin-coating time. We used the hot-casting
method, as it has been shown to yield the best quality
of films for device applications.[9] First, we prepared
BA2PbI4 crystals by dissolving butylammonium (BA)
molecules and PbI2 in stoichiometric amounts in HI at
70 °C and precipitating them by cooling back to room
temperature.[2] Depending on the cooling ramp and
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precipitation time, it is possible to prepare millimeter-
size single crystals or powders with nanometer to
micrometer size domains (see details in the Experimen-
tal Section).[2] All depositions were started from fully
synthesized BA2PbI4 crystals in order to minimize the
effect of the precursor ratios on the thin film
preparation.[26–28] Subsequently, solutions of BA2PbI4
were prepared by dissolving the synthesized single
crystals or powders in dimethylformamide (DMF) at
343 K under magnetic stirring for 2 h. The fresh
solutions were spin-coated on hot quartz substrates at
433 K, with a ramp of for 30 s and post-annealed for
15 min. We optimized the spin-coating conditions in
order to obtain the best quality thin films. As it will be
shown below, the conditions for crystal synthesis and
spin-coating turn out to be critical for the optoelec-
tronic properties and the presence of defects in
BA2PbI4.
In Figure 1,a and 1,b the X-ray diffraction (XRD)

patterns of BA2PbI4 single crystals, powders and thin
films (TF) prepared from single crystals (TF� C) or from
powders (TF� P) are shown. The synthesized single
crystals and powders exhibit the main peaks from the
simulated XRD obtained from the BA2PbI4 crystal
structure oriented in the (0 0 l) direction. Similarly, the
thin films made from either crystals (TF� C) or powders
(TF� P) also exhibit the (0 0 l) reflections characteristic
of a preferential growth along the (1 1 0) direction
parallel to the substrate.[1] From the perspective of the
XRD measurements, BA2PbI4 films have been prepared,
and there is no difference between using millimeter
size single crystals or powders as the starting material.
Nevertheless, it is shown in Figure 1,c that films
deposited with non-optimized spin-coating conditions
(for example, use of old solutions, higher than 433 K
temperatures or longer than 15 min annealing time)

can result in films with an additional XRD peak at ~5.2
2θ (using a Co source). The origin of this peak is not
clear, but as will be shown below it is directly linked to
differences in absorption spectra and a larger broad-
band emission intensity at ~560 nm to 600 nm.
In order to study the optoelectronic properties as a

function of temperature, the transmission and photo-
luminescence spectra of the thin films were measured
in a spectroscopy set up coupled to a helium cryostat.
Inside the cryostat, it is only possible to measure the
change in transmission of the materials, because
multiple reflections on the windows in the cryostat
cannot be corrected for. In Figure 2, the steady-state
transmission and photoluminescence of BA2PbI4 films
are shown. In Figure 2,a and 2,c, the transmission
spectra at room temperature of BA2PbI4 films made
starting from single crystals and powders exhibit the
typical features of 2D perovskites: an excitonic peak at
~510 nm with a continuum step-like band absorption
at shorter wavelengths (~400 nm), which is attributed
to the free electron-hole transition.[1,2,32] It is worth
highlighting that the transmission spectra of films
based of nanocrystalline powders as a starting material
are slightly blue-shifted compared to those based on
single crystals and to spectra reported in literature.[1,2]

In Figure 2,e, the non-optimized films exhibit an addi-
tional absorption feature at ~560–600 nm. The exact
origin of this peak is not clear, but the comparison
between the thin films based on the crystals, powder
and unoptimized process conditions (Figure 2,e) sug-
gests is extrinsic effect caused by impurities. When the
temperature is decreased, the main absorption peak of
all BA2PbI4 films shifts from ~510 nm at 294 K to
~484 nm below 253 K. This shift is associated with a
phase transition (occurring between 280 K and 260 K)
caused by reorientation of the BA in between the

Figure 1. X-Ray diffraction of BA2PbI4. a) BA2PbI4 Crystal and films prepared from crystals. b) BA2PbI4 Powder and thin films
prepared from powders. c) BA2PbI4 Powder and unoptimized thin films prepared from powders.
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Figure 2. Temperature-dependent steady-state absorption and photoluminescence emission measured inside a Helium cryostat of
BA2PbI4. a), b) Films from BA2PbI4 crystalline precursors. c), d) Films from BA2PbI4 powder precursors. e), f) Non-optimized films from
BA2PbI4 powder precursors. Photoluminescence excitation at 405 nm with a photon intensity ~1.7×10

17 photon/(s cm2).
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inorganic octahedral layers.[20] This reorientation in-
creases the distortion of the inorganic octahedral
layers (increased corrugation) resulting in an increase
of the band gap.[20,32] At temperatures below the
phase transition (253 K), the transmission spectra of all
BA2PbI4 films still exhibit a shoulder at the position of
the room temperature peak (~510 nm). This indicates
that the phase transition to the low temperature phase
(phase II) is not complete, and there is partial presence
of the room temperature phase (phase I).[20,32] The
absorption relative intensities of the different phases
in the film, phase II at ~484 nm and phase I at
~510 nm, vary from sample to sample.
The photoluminescence emission spectra of

BA2PbI4 films are shown for different temperatures in
Figure 3,b and 3,d. In general, the photoluminescence
intensity increases at low temperature due to more
efficient radiative recombination of excitons (less
thermal energy to dissociate).[13] At room temperature,
the emission spectrum of BA2PbI4 films exhibits a
single emission peak (~516 nm) corresponding to the
main exciton absorption peak (~510 nm). Once again,
for the non-optimized film shown in Figure 3,f, there is
an additional photoluminescence feature at ~600 nm
corresponding to the peak at 560 nm. For the
optimized BA2PbI4 films made from crystalline and
powder precursor materials, lowering the temperature
results in the appearance of the low energy peak at
489 nm due to the phase transition at 253 K, while the
peak near 510 nm remains. In addition, below 200 K,
weak emission features appear between 560 and
600 nm. These low wavelength emission peaks have a
longer lifetime (~3–5 ns) than the common exciton
emission (~490 nm and 516 nm) in 2D perovskites
(~1–2 ns) (see Figure S1 in Supporting Information) and
are attributed in the literature to broadband emission
from self-trapped excitons due to strong phonon-
coupling with the distorted soft crystal structure and/
or in extrinsic defect states.[26–30,33] The intensity of the
broad-band emission features (and hence the concen-
tration of self-trapped excitons in defects) is higher for
the films prepared from BA2PbI4 amorphous powders
and non-optimized films than for the ones prepared
from BA2PbI4 single crystals (see Figure 3,b, 3,d and 3,f).
These defects, and subsequent changes in photo-
luminescence spectra and dynamics, are associated to
slight differences in stoichiometry and dynamic behav-
ior of ions, particularly the diffusion of halides ions
due to vacancies or interstitial defects.[26] To clarify the
microstructure from the different samples, atomic
force microcopy (AFM) measurements were performed
on the thin films, see Figure S2 in Supporting Informa-

tion. In Figure S2, it is clear that the size of the grains in
the thin films prepared from crystals are larger &bk,(~
600 nm) than in those prepared from powder precur-
sor (~100 nm). As a result, the thin films prepared
from powder precursors exhibit more surface defects
that reflect in the presence of low energy emission
peaks. As expected, the impact from defects becomes
more evident at low temperature, as there is less
thermal energy available to escape from the in-gap
defect states. These results clearly show that the broad
emission band exhibits a large variation per sample
preparation and cannot be fully attributed to intrinsic
self-trapped excitons due to strong phonon-coupling
to the lattice distortions.[26] This defect-governed
luminescence strongly resembles the green, yellow,
and red bands known from ZnO, GaN, or PbI2.

[26]

The emission peaks at 489 nm and 516 nm corre-
spond to the absorption peaks of the low (phase II)
and room (phase I) temperature excitonic phases that,
as discussed above, are both present at low temper-
atures. The ratio between the relative intensities from
these two excitonic peaks also varies from sample to
sample as can be seen from comparing Figure 3,b, 3,d
and 3,f. In the films based on single crystal precursor
materials, the lowest-energy exciton emission is the
most intense, even at low temperatures where the
composition of the material should be dominated by
the phase with a higher energy emission (phase II). As
the samples are excited at 405 nm (~4.05 mW, ~1.6×
1017 photon/(s cm2)) relaxation and energy transfer
takes place before emission. Since the emission from
the films prepared from crystals (TF� C) is dominated
by the 516 nm exciton emission, the energy is
funneled to the remaining parts of the material that
are in the high temperature phase, and also to the
defect states that are more emissive at low
temperature.[33] In the films prepared from amorphous
powders, both the higher-energy exciton peak and the
low-energy defect emission (550–600 nm) are more
pronounced than in the TF� C film, compared to the
516 nm exciton emission. This indicates that the
concentration of defect states present in these films is
higher, but also that the energy transfer to the lower
energy exciton state is less efficient. This is in agree-
ment with the small grain size observed in the AFM
measurements and illustrates that the quality of the
precursor material has pronounced effects on the
quality of the deposited films, even if the differences
in the X-ray diffraction patterns are negligible at room
temperature. This is critical, as in many studies the
different emissive transitions are analyzed as strong
many-body interactions between the excitons in the
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Figure 3. Femtosecond transient absorption (TA) experiments on BA2PbI4 films made from crystalline precursors at 294 K and 77 K
as a function of delay times. a), b), c), d) TA Spectra of thin films made from single crystals. e), f) TA Spectra of unoptimized thin
films made from powders. Absorbed photon intensities around ~1.6×1012 ph/(cm2 pulse).
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inorganic layer which may lead to formation of higher
order biexcitons species.[12,31,34] In order to further
understand the interactions, relaxation and energy
transfer processes in the thin films occurring before
emission, we measured the changes in absorption due
to photoexcitation with an ultrafast transient absorp-
tion experiments shown below.

Femtosecond Transient Absorption (TA)

In order to clarify the different relaxation and energy
transfer processes occurring between the different
energy states in BA2PbI4 films, we have performed
ultrafast transient absorption (TA) measurements as a
function of temperature. In these measurements, the
films were photoexcited at 405 nm with absorbed
photon intensities around ~1.6×1012 ph/(cm2 pulse).
We have used a low excitation fluence in order to
avoid second order effects due to generation of
multiple excitons in a single inorganic slab, see
Figure S3 in the Supporting Information. The changes in
absorption due to photoexcitation were detected
using short broadband pulses obtained from continu-
um generation in a calcium fluoride (CaF2) crystal in
the range of 450 nm to 800 nm. We measured BA2PbI4
thin films made from single crystal precursor materials,
as they exhibit less emission from extrinsic defect trap
states. The TA spectra at room temperature (294 K) for
different samples (TF� C 1, TF� C 2) are shown in
Figure 3,a and 3,c. At room temperature, the TA
spectra exhibit the typical features of 2D perovskites
or 2D quantum wells determined in literature: a bleach
of the exciton (XB) at ~512 nm, corresponding to
band-edge filling by photogenerated excitons. There is
additional photoinduced absorption (PA) around the
main XB which has been attributed to band gap
renormalization (BGR) due to exciton–exciton
interactions.[35] In Figure 3,b and 3,d the TA spectra of
BA2PbI4 films made from crystalline precursor material
at 77 K are shown. The TA spectra are more complex
than the room temperature spectra and exhibit two
bleach features, originating from the exciton transition
of the low temperature phase (~484 nm) and the
room temperature phase (~512 nm), in addition to
photoinduced absorption (PA) around the XB peaks.
The relative TA intensities from the different phases
(484 nm and ~512 nm) vary from sample to sample,
even under the exact processing conditions and using
the same precursor materials, as evident from compar-
ing the TA spectra in Figure 3,b and 3,d (see more films
in Figure S4 in the Supporting Information). For the film
TF� C1 in Figure 3,b, the exciton features are more

pronounced, while this is reversed for TF� C2 in
Figure 3,d. These differences are likely a result of
variations in the efficiency of energy migration and
transfer through the film, which is tightly linked to the
crystallinity and morphology. As shown on Figure 3e,
and 3,f, the TA spectra of unoptimized films made
from powder samples exhibit changes in absorption
from the self-trapped exciton defect states at mainly
560 nm, even at room temperature. These observa-
tions are consistent with the fluorescence measure-
ments discussed above.
In Figure 4,a, the temporal dynamics obtained from

the TA measurements on the thin films made from
crystals (TF� C) at 77 K from the different wavelengths
are shown; the exciton bleach (XB at ~485 and
~512 nm) and photoinduced absorption (PA at
~475 nm, 496 nm and 524 nm). The temporal decay
from each of the different observed transitions vary
from sample to sample (TF� C1 and TF� C 2). While this
complicates the analysis of the data, some clear
observation can be made. For both samples, the
contribution from the high-energy exciton peak (char-
acterized by the decay of the XB at 487/489 nm in
Figure 4,c) decays relatively slowly compared to that of
the low energy exciton peak (~512 nm). This shows
that the photo-physics of these different excitonic
states are quite distinct. It also sheds some light on
the possible energy transfer from the high-energy to
the low-energy exciton states. While there is some
funneling from the high- to the low-energy excitons,
on the time scales shown in Figure 4,c, there does not
seems to be a clear transfer, which would result in a
faster decay of the high-energy excitons and a slower
decay of the low-energy ones. This indicates that
energy transfer through the films is not always 100%
efficient and shows large sample to sample variation.
The likely partial explanation is that different grains of
the material go through phase transitions at different
temperature. At low temperature, some small grains in
the material may stay in the high-temperature phase.
However, since transport over grain boundaries is
relatively inefficient, some parts of the material are
‘isolated’ sufficiently from the low energy part to
ensure substantial emission from these regions. This
behavior is also supported by the photoluminescence
measurements discussed above.
The variation related to TA features from the

different phases in thin films made from single crystal
precursors should be related to the film crystallization
on the substrate. From AFM measurements the micro-
structure of thin films made from crystals consists on
grains of ~600 nm size (Figure S2). However, at low
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temperature it is not possible to determine the specific
phase (484 nm and ~512 nm) in which the grains will
be. On the other hand, unoptimized films that are
obtained from amorphous powder precursors invaria-
bly contain more trap states (bound excitons) that
lead to substantial (longer-lived) emission around
560 nm and 600 nm (Figure S1 in the Supporting
Information) or even changes in absorption in the TA
spectra (Figure 3,e and 3,f). These measurements show
that BA-based 2D perovskites are very sensitive to
deposition conditions and most of the effects are seen
by studying the optoelectronic properties as a function
of temperature. This is likely to be the result of the
weak interactions between the alkylammonium chains
resulting in a relatively soft lattice of 2D structures
with alkylammonium chains. This leads to larger
dynamic disorder in the inorganic structure and
variations in the optoelectronic properties, phase
transitions and grain formation. This is important to
take into account in previous studies in literature
where the interpretation of the exciton bands can be
severely affected by the film crystallization and
presence of trap states.[12,18,23,33,36]

Conclusions

In this work, it has been examined how the ground
state absorption, emission and excited state dynamics
of spin coated thin films of BA2PbI4 are affected by the
processing conditions and the nature of the precursor

compounds. Two types of starting material have been
evaluated, powders and crystals grown from solution.
According to XRD analysis, both precursors are nomi-
nally pure high-quality crystalline materials, and spin
coating followed by annealing results in 2D perovskite
layers, but the powder-based films typically exhibit a
low-intensity extra reflection indicating the presence
of an impurity phase. While the XRD analysis shows
that the samples are very similar, significant difference
are observed in the optical properties, depending on
the precursor materials and processing conditions. In
general, lower quality precursors and unoptimized
processing conditions lead to a larger relative intensity
emission from broadband self-trapped exciton defect
states. This should be considered in the design of
broadband perovskite emitters which is often attrib-
uted to self-trapped excitons by lattice deformation. In
addition, even for high quality samples, differences are
observed, especially in the emission intensities from
the excitonic phases at low temperature. BA2PbI4 is
known to undergo a phase transition at 253 K, but
both the steady state absorption and emission, and
the transient absorption measurements on thin films
show that the phase transition is not uniform, and the
two phases coexist below the phase transition temper-
ature. The presence of the room-temperature phase,
even at low temperature, results in significant energy
transfer in the excited state, affecting the excited state
dynamics and hence the emission properties. These
effects show that 2D perovskites with alkyl-chains (BA)
have a relatively soft structure due to weak interaction

Figure 4. Femtosecond transient absorption (TA) experiments on BA2PbI4 films made from crystalline precursors at 77 K. a), b)
Temporal dynamics of different transitions, exciton bleach (XB at ~485 and ~512 nm) and photoinduced absorption (PA at
~475 nm, 496 nm and 524 nm). Absorbed photon intensities around ~1.6×1012 ph/(cm2 pulse).
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between the alkyl chains, leading to increased octahe-
dral (dynamic) disorder. This also introduces structural
phase transitions and high sensitivity to precursors
and processing conditions. These results show that it
is difficult to make absolute statements about the
optoelectronic properties and excited state dynamics
of 2D perovskites with alkylammonium molecules,
because the excited state properties are strongly
affected by the structural disorder (softness), external
impurities and structural defects. Using less flexible
ammonium ions in 2D perovskites is expected to lead
to more rigid structures that are less affected by such
problems.

Experimental Section

Starting Materials

All chemicals were purchased from Sigma– Aldrich and
used as received.

Synthesis of BA2PbI4

PbO powder (1 mmol) was dissolved in a mixture of
57% w/w aqueous HI solution (7.6 mmol) and 50%
aqueous H3PO2 (1.5 mmol) by heating to 393 K under
constant magnetic stirring. In a separate beaker, the
organic compound, n-BA (2 mmol) was neutralized
with HI 57% w/w (3.8 mmol) in an ice bath (BA). Then,
the organic solution was slowly added to the PbI2
solution while heating to 393 K. Subsequently, the
stirring was stopped, and the solution was left to cool
to room temperature precipitating the 2D powders
&bk,(~2 h)&ek,. The powders were isolated by suction
filtration and thoroughly dried under reduced pres-
sure. For BA2PbI4 crystals, the starting solutions have
~10 mmol of precursors and are cooled slowly (~10 K
per h) for ~2 to 12 h.

Deposition of Films

Quartz substrates were cleaned by submerging in a
vial with a mixture of distilled water and soap, which
were then put in a sonic bath at 323 K for 15 min.
Afterwards, the quartz substrates were rinsed with
distilled water, acetone and propyl ethanol and put in
an oven at 373 K for 20 min. Fabrication of the 2D
hybrid perovskites layers was carried out in a nitrogen-
filled glovebox. Prior to film fabrication, the quartz
substrates were treated with oxygen plasma for 2 min.
The starting solutions were prepared by dissolving
BA2PbI4 (0.25 M) in dimethylformamide (DMF) at 343 K

for 2 h. Then, the precursor solution was filtered with a
0.45 μm pore size. Films were prepared by spin-coat-
ing 100 μL of starting fresh solution (ramp 1000 rpm/s,
4000 rpm for 30 s) on the plasma-treated quartz
substrate heated at 433 K and subsequently post-
annealing it at 373 K for 15 min (hot-casting).[9]

Optical Characterization

Absorption spectra were recorded with a UV/VIS
Perkin-Elmer Lambda 1050 spectrophotometer
equipped with an integrated sphere. The films were
placed under an angle of 10° inside the sphere to
detect the total fraction of reflected and transmitted
photons (FR+T).

Temperature Dependent Absorption (% Transmission)
and Photoluminescent Measurements

Thin films on quartz substrates were placed in a sealed
cryostat under helium flow (temperatures down to
18 K). The absorption was measured with an Ocean-
optics Maya 2000 pro spectrometer (196 nm to
1120 nm, 100 μm slit) coupled with a UV/VIS light
source DH-2000 (halogen lamp). The photoluminescent
emission spectra were recorded using an Oceanoptics
flame-s miniature spectrometer FLM500719 (350 nm to
1000 nm, grating #03 600/500) coupled with a
Thorlabs collimated laser diode with a 405 nm excita-
tion wavelength (CPS405, Power ~4.05 mW, A=

0.0482 cm2, photon intensity (I0) ~1.7×10
17 photons/(s

cm2)).

Femtosecond Transient Absorption (TA) Spectroscopy

Pump-probe transient absorption measurements were
performed using a tunable laser system comprising an
Yb:KGW laser source (1028 nm) operating at 5 kHz
(2.5 kHz repetition rate) with a pulse duration of 180 fs
(PHAROS-SP-06-200, Light Conversion) and an optical
parametric amplifier (ORPHEUS-PO15F5HNP1, Light
Conversion). Probe light was generated by continuum
generation, focusing a small fraction of the fundamen-
tal laser light in a CaF2 crystal (350 nm to 800 nm). The
two-dimensional data was acquired with a transient
absorption spectrometer (HELIOS, Ultrafast Systems).
The samples were placed inside a sealed holder and
excited at 405 nm with a photon intensity of ~3.2×
1012 ph/(cm2 pulse), and 200 μm probe spot size in
quasi parallel pump-probe geometry.
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