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Chemical vapor deposition (CVD), without the use of any solvents, is a viable option for the growth of
high-quality two-dimensional (2D) Ruddlesden—Popper-type hybrid halide perovskite films. Insights into
carrier relaxation and exciton dynamics are crucial for the application of such 2D perovskite films in
optoelectronics. By employing broadband transient absorption (TA) spectroscopy and time-resolved
photoluminescence, we compare the carrier relaxation and exciton dynamics in two prototypical 2D
lead-iodide perovskite systems with butylammonium (BA) and phenylethylammonium (PEA) cations
grown by CVD. Along with neat 2D perovskite films, heterojunctions with tin oxide layers were also
investigated. The TA peaks show differences in the lifetime and evolution between the two perovskite films
and their heterojunction counterparts, providing valuable insights into the structural disparities between
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these perovskites and the underlying factors governing excitonic dynamics. The TA peak at 530 nm decays
faster in PEA,Pbl, compared with BA,Pbl, highlighting the role of the organic cation and the polaronic
nature of this peak. Fast carrier cooling times of 150 fs, signaling the absence of any phonon bottleneck
effect, are observed. The decay dynamics of the band-edge bleach reveal a strong contribution from the
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Introduction

As the parameter space of hybrid metal halide perovskites is
growing exponentially — with the tunability from three to low-
dimensionality and the ease of anion and cation exchange -
pump-probe optical spectroscopy provides an excellent tool to
probe carrier and exciton dynamics for their application in
optoelectronic devices. Along with the tremendous boost in
solar cell efficiencies, where three-dimensional (3D) organic-
inorganic lead halide perovskites now rival silicon solar cells,"
metal halide perovskites have emerged as semiconductors of
the 21st century for displays, sensing, lasing, and nonlinear
optics.>”” Two-dimensional (2D) organic inorganic metal halide
perovskites hold special interest in optoelectronic applications
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Auger recombination process at early times, when the system is far from equilibrium.

due to their strong excitonic properties.®*° The 2D perovskites
form layers with corner sharing inorganic octahedra layer sepa-
rated by a layer of organic cations, resembling a type-I semicon-
ducting quantum well structure, where the exciton is confined in
the inorganic layer. The most common configuration is the
Ruddlesden-Popper (RP)-type with monoammonium organic spe-
cies, where the stacking of the inorganic layer is staggered."' The
high excitonic binding energies along with the tuneable transition
energies due to quantum confinement'> make these systems very
attractive for light-emitting diodes and lasers.

Transient femtosecond absorption spectroscopy plays a critical
role in gaining insights into the initial relaxation dynamics of
photoexcited electron-hole pairs prior to their radiative decay.
Photoexcitation by a pump pulse (~ <1 ps) typically results in a
nonthermal regime of the electron-hole distribution, which then
thermalizes through carrier—carrier scattering and carrier-phonon
scattering; the thermalization process, therefore, results in a
carrier distribution temperature much greater than the lattice
temperature.">'* This is then followed by a cooling of the dis-
tribution due to the longitudinal optical phonons, resulting in
photogenerated electrons to cool to the conduction band edge and
the holes to the valence band edge. Other processes of cooling may
occur due to acoustic phonon scattering or Auger recombination.'®

Due to quantum confinement, recombination in 2D perovs-
kites is governed by the formation of excitons. A comparison of
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carrier relaxation in 3D versus 2D hybrid halide perovskites has
shown a faster thermalization, independent of the excitation
fluence, in the 2D systems compared with the 3D perovskites.®
This has been attributed to the low dielectric constant of the
organic cation layer surrounding the perovskite layer in 2D
films. A comparison of the carrier cooling mechanism in bulk
and size-controlled perovskite nanocrystals versus 2D all-
inorganic and RP-type perovskites demonstrate a suppression
of the hot phonon bottleneck in the 2D systems, highlighting
the impact of exciton formation.'"” In mixed Pb-Sn 2D RP
perovskites, transient absorption studies reveal the formation
of charge transfer excitons.'® Furthermore, transient absorp-
tion microscopy, where both the temporal and spatial extent of
the excitons may be probed, has helped disentangle exciton
diffusion and annihilation processes in 2D perovskites;'® the
exciton diffusion length is found to be in the hundreds of
nanometres range with very slow annihilation rates.

Thus far, the influence of organic cations on the transient
absorption spectrum of 2D perovskites has not been system-
atically investigated. This work probes the role of organic
cations, which form the barrier layer in 2D perovskites, on the
lifetime and evolution of the transient absorption spectrum.
Specifically, the samples here are grown using chemical vapor
deposition (CVD), which provides a higher degree of control
compared with other solvent processing methods. This work is
further motivated by the luminescence properties of the proto-
typical 2D lead-iodide perovskite films with butylammonium
(BA) versus phenylethylammonium (PEA), grown by CVD, which
show large differences between BA,PbI, and PEA,Pbl, with the
latter showing a single photoluminescence peak, highlighting
the lack of defect states.”® In order to avoid using brackets, we
denote (BA),Pbl, by BA,Pbl, and (PEA),Pbl, by PEA,PbI, here.

The transient absorption (TA) spectrum (AA) is defined such
that at a delay time of t between the pump and the pulse, the
difference between the pumped A(E,7) and the unpumped A(E)
spectra is given by AA(E,t) = A(E,7) — A(E,t = 0). The TA spectrum
is therefore a differential absorption signal, depending on the
pump and probe energy, and the time delay. The TA spectrum
from perovskite materials typically shows a negative band
flanked by two positive absorption bands. The negative signal
corresponds to the ground state bleach of the exciton due to the
band-edge filling by photogenerated excitons. The interpreta-
tion of the origin of the absorption bands is still under debate.
The high energy positive band is typically ascribed to the
photoinduced absorption of charge carriers. The low energy
positive signal, observed at short timescales (<1 ps), in inor-
ganic perovskite nanocrystals has been attributed to the for-
mation of biexcitons due to the induced Stark effect.”*?
Similar features in 2D RP perovskites have been assigned to
self-trapped excitons.’® In 2D double perovskites based on Ag
and Bi, the photoinduced absorption feature at an energy below
the bleaching signal arises due to the optical excitation of the
hole polarons in the organic network.>® Further, state-resolved
pump-probe spectroscopy shows that the excitation of band
edge carriers in CsPbBr; nanocrystals leads to polaron for-
mation in approximately 300 fs.>* A key aspect we address in
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this work is whether the organic cations used as a barrier layer
in 2D RP perovskites play a role in the TA features.

Although the TA spectra from all inorganic halide perovs-
kites such as CsPbBr;>*>*2® and organic-inorganic hybrid
perovskites,"*'>* including 2D RP perovskites,***"
lar features, their origin could be vastly different. In a theore-
tical treatment for CsPbBr;, the initial redshift in the
femtosecond scale dynamics seen experimentally has been
captured and is attributed to a geometric relaxation of the
excited state.®” Using a combination of TA and terahertz
spectroscopy in 2D perovskites, a recent work shows that the
exciton and free charge carrier dynamics can be disentangled
yielding high carrier mobilities and band transport, making
these perovskite systems very attractive for optoelectronic
applications.*’

The intrinsic stability of hybrid metal halide perovskite (MHP)
films can be improved through vapor deposition techniques.
Solvent processing is the most common technique for the synth-
esis of both 3D and 2D hybrid MHP films. Spin coating, however,
has its pros and cons. Although low-cost, the choice of the
solvent, precursor stoichiometry, and antisolvent engineering
are key to the formation of high-quality films,>® making the
growth process quite complicated. CVD, a well-established
growth method in silicon technology, has been found to be an
excellent alternative for the synthesis of MHP films.***® Using a
sequential two- or three-step CVD process, our prior work has
demonstrated highly stable 3D methylammonium lead iodide
films that maintain 85% of their power conversion efficiency in
solar cells in air for over three weeks.*” With the addition of Cl as
a dopant, the CVD growth has also resulted in a single phase of
the 3D perovskite film over a wide temperature range from
20-300 K.*® The success of the highly stable 3D MHPs motivated
us to develop 2D RP perovskite films using a two-step CVD
process, where the first step involves the growth of a Pbl, layer
followed by a conversion process. Using the two prototype
organic cations: BA and PEA, the growth of BA,Pbl, and PEA,Pbl,
films was successfully demonstrated in our prior work.”

Thus far, almost all TA spectroscopy has been achieved from
solution processed 2D and 3D perovskite films and crystals.
Unlike spin coated 2D RP perovskite films, we observed stark
differences in the optical properties of CVD grown BA,Pbl, and
PEA,PbI, films. The photoluminescence (PL) spectrum of
PEA,PbI, shows a single excitonic peak in the temperature range
from 20-350 K, highlighting the lack of any defect states.”® In
comparison, almost all reported works on solution processed
PEA,Pbl, show the presence of a second PL peak, ascribed to self-
trapped excitons and/or intrinsic defects, in addition to the band-
edge exciton.*>*® CVD grown BA,Pbl, films, however, show
similar PL features as reported for solution-processed samples
with the presence of defect states.® The differences observed in
the steady-state optical properties of CVD grown BA,Pbl, and
PEA,PbI, films further prompted us to probe their carrier and
exciton dynamics using TA spectroscopy in this work.

Here, we investigate the transient absorption features from
pristine BA,Pbl, and PEA,PbI, CVD grown films and heterojunc-
tions of SnO,/BA,Pbl, and SnO,/PEA,Pbl, films. All samples

reveal simi-
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show high and low-energy absorption features with respect to the
bleaching signal for delay times less than 100 ps. The low energy
TA peak (~530 nm) has a longer lifetime in BA,Pbl, compared
with PEA,Pbl,, suggesting that the origin of this peak is polaronic
as it is cation dependent. The decay dynamics and carrier
relaxation were further inferred by varying the pump fluence.
The low fluence data shows a strong contribution from Auger
recombination for all samples at early times. The decay kinetics
in PEA,Pbl, for the high fluence data mainly follows a mono-
molecular and a bimolecular process, where the latter represents
exciton—exciton interaction. The defect states in BA,Pbl, contri-
bute to an energy loss mechanism in the thermalization process,
resulting in a lower carrier temperature compared with PEA,Pbl,.
Both samples, however, demonstrate similar carrier cooling
times (~150 fs), characteristic of Frohlich interaction (carrier—
LO phonon scattering) and an absence of a hot phonon bottle-
neck process. Our results provide an understanding of the
relaxation dynamics of carriers in CVD grown 2D MHPs, which
is primarily governed by the Frohlich interaction, independent of
defect states.

Experimental methods

Materials

Lead(u) iodide (Pbl,, 99%) and tin oxide (SnO,) nanoparticle
ink (2.5 wt%) were purchased from Millipore Sigma Inc.
N-Butylammonium iodide (BAI) and phenethylammonium iodide
(PEAI) were purchased from Greatcell Solar Materials Inc. All
chemicals were used as obtained without any purification.

Chemical vapor deposition (CVD)

Details of the CVD method for the growth of 2D halide
perovskites are provided in ref. 20. Briefly, the CVD process
involves a double zone tube furnace from SAFTherm (model
STG-100-12-2). High purity nitrogen was allowed to flow down-
stream using a precision mass flow controller from MTI Inc. to
control the flow rate of the gas. The growth was carried out in
two steps. First, a thin layer (~40 nm) of lead iodide (Pbl,) was
deposited on organically cleaned glass slides. Then the PbI,
film was converted into the perovskite structure using BAI or
PEAI The deposition pressure was fixed to 0.1 atm and the
sublimation temperature for BAI and PEAI was fixed at 170 °C.
The nitrogen gas flow rate was set to 1000 sccm and 300 sccm
for conversion in the BAI and PEAI vapours, respectively. This
resulted in 2D perovskite films with a thickness of ~180 nm.
For the heterojunctions, SnO, nanoparticle ink was spin coated
on organically cleaned glass slides to form a film of thickness
20 + 5 nm. This was followed by the growth of PEA,Pbl, and
BA,Pbl, in the CVD reactor. All samples were immediately
coated with a thin film of PMMA (polymethyl methacrylate)
as an encapsulant to prevent oxidation and degradation against
laser illumination. To prevent degradation, the samples were
stored in the dark in a nitrogen atmosphere and all measure-
ments were carried out within ~2 days of fabrication in atmo-
spheric conditions.

This journal is © The Royal Society of Chemistry 2025
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Pump-probe setup

A detailed discussion of the custom-built TA spectrometer is
found in ESIL.{ The fundamental 800 nm beam is produced by a
regenerative amplifier (Spitfire Ace, Spectra Physics) with a
repetition rate of 1 kHz, and pulse duration of 100 fs, seeded
by a Ti:Sapphire laser (Mai Tai, Spectra Physics) and pumped by a
Q-switched laser (ASCEND, Spectra Physics). The 400 nm pump
beam is generated by a Tripler (Minioptic Tech. Inc.) using the
amplified 800 nm fundamental beam as an input. The white light
supercontinuum (probe) is produced by focusing the collimated
pump beam (at 800 nm) onto a 2 mm thick sapphire crystal. The
spot size of the pump and probe beam at the sample are 2 mm
and 1 mm, respectively. The time delay between the pump and
probe beam is achieved by using a delay line (ODL 220, Thorlabs)
in the 400 nm beam path. An optical chopper (MC1F10HP,
Thorlabs) is electronically synchronized to the laser pulses via
the use of the chopper driver (MC2000B, Thorlabs). A spectro-
meter (Flame, Ocean Optics) was triggered via the chopper signal
and used to obtain consecutive spectra. A Python script was
developed to interface with the delay line driver using the
pyLabLib package*' as well as the spectrometer using the
python-seabreeze package to automate the measurement process.
A secondary Python script was developed to sort and average the
spectra stored during the measurement process.

Time-resolved photoluminescence (TRPL)

The PL lifetimes are measured by a time-correlated single-photon
counting (TCSPC) setup as discussed in ref. 42. 800 nm wavelength
(100 fs, 80 MHz) from a Ti-Sapphire laser (Mai Tai, Spectra Physics)
is frequency doubled to 400 nm using a barium borate (BBO)
crystal, which is further used to excite the sample in the reflection
geometry. The PL from the sample is collected through a camera
lens, which passes through a 400 nm long pass filter and a 530 nm
bandpass filter before being detected by a multi photon detector
(MPD). The MPD detector communicates with a PicoHarp300 to
generate the TCSPC signal.

Results and discussion

The 2D hybrid organic-inorganic lead halide perovskite thin
films investigated in this work were grown using a two-step
CVD following the methods detailed in ref. 20. Unlike their spin
coated counterparts, CVD grown perovskite thin films are uni-
form, robust, and reproduceable, eliminating the need for
sample-to-sample and spot-to-spot variance in measurements.
This has also been observed in the measurements and we
choose to represent the results of only one measurement.
Moreover, the films are air-stable for several days and in order
to avoid any laser damage, they were coated with a thin layer
of PMMA.

Photoluminescence and absorption

The steady-state absorption and PL spectra were measured for
all samples at room temperature and are shown in Fig. 1A and
B. In each case the solid line corresponds to the pristine sample
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Fig. 1 Steady-state optical properties and time-resolved PL. (A) PL (pink)
and absorption (blue) spectrum of BA,Pbl,; and SnO,/BA,Pbl, heterojunc-
tion. (B) PL (pink) and absorption (blue) spectrum of PEA,Pbl, and SnO,/
PEA,Pbl4 heterojunction. In each case the solid line represents the pristine
perovskite sample and the dashed line represents the heterojunction. The
insets show the chemical structure. (C) Time-resolved PL from BA,Pbl,
and SnO,/BA,Pbl,. (D) Time-resolved PL from PEA,Pbl, and SnO,/
PEA,PDI,. (E) Energy levels of BA,Pbl,, PEA,PbI,, and SnO,.

and the dashed line represents the SnO,/perovskite heterojunc-
tion. The absorption data features an excitonic peak at a lower
energy than the band-edge absorption, which is characteristic
of all 2D perovskites. Our prior work shows that there is some
misorientation of the perovskite planes in CVD grown films,
which has been extensively characterized by varying incidence
angle X-ray diffraction and are represented by a mosaicity of the
[00L] reflections.®® Due to the misorientation of the planes, the
absorption spectrum is best modelled using the generalized Elliott
model that considers spatial anisotropy of the layers.*® The fits are
shown in ESIL.f The model agrees with fractional dimension o =
2.75 (Fig. S3, ESIT), implying screening of the excitons. The exciton
binding energy (Eg) for BA,Pbl, (144 meV) and PEA,Pbl, (114
meV) are lower than 2D perovskite flakes or nanoplatelets where
Ejp is almost twice the value.'® The Stokes shift between the PL and
the excitonic absorption peak in BA,Pbl, and PEA,Pb], is 13 nm
and 11 nm, respectively. There is almost no change in the PL peak
position between the individual perovskite samples as well as
their SnO, heterojunctions. However, temperature dependent PL
studies of these samples presented in our previous work*® show
two PL peaks only for the BA,Pbl, sample at low temperatures,
indicating the presence of defect states. The insets (in A and B)
show the structure of BA,Pbl, and PEA,Pbl, plotted in VESTA,
respectively.*

Time-resolved photoluminescence

The effect of the SnO, heterojunction becomes more apparent in
time resolved photoluminescence (TRPL) measurements. The
TRPL was measured using a time-correlated single photon count-
ing method. As demonstrated in Fig. 1C and D, the TRPL decay
curves are different between each perovskite and its SnO, hetero-
junction counterpart. Similar to other perovskite nanocrystals,*>*
the TRPL decay curves are best fit with two lifetimes (r; and t,)
and a function represented by f(x) = A exp(—x/t;) + Bexp(—x/15).

196 | J Mater. Chem. C, 2025, 13, 193-202
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The average lifetime is estimated from t,,, = (At> + BrY)/(Aty +
Br,). Details of the TRPL fits and the parameters are provided in
ESLT 74 decreases from 0.34 ns to 0.28 ns in the BA,Pbl, system
when the heterojunction with SnO, is formed. PEA,Pbl, shows a
slight increase in 7, from 0.42 ns to 0.46 ns with the SnO,
heterojunction. The decrease in the TRPL lifetimes of the BA,Pbl,
sample in the presence of the SnO, heterojunction is likely due to
the passivation of defect states in BA,Pbl, by the SnO, interface.
The role of the heterojunction on passivating the defect states is
further apparent in the TA studies discussed later in the manu-
script. The energy levels of the three systems are shown in
Fig. 1E.**™*® As such, both BA,Pbl, and PEA,PbI, favour electron
transport to the SnO, layer due to the proximity of the conduction
band (CB) edge of the perovskite to the CB edge of SnO,. The
shorter PL lifetime in SnO,/BA,Pbl,, however, suggests a more
favourable electron transport to the SnO, in this system compared
with SnO,/PEA,PbL,.

TRPL, however, has limitations and provides no information
on the initial relaxation dynamics. Upon photoexcitation, the
carrier distribution functions in the CB and valence band (VB)
resemble a ¢ function, which then thermalizes for the electron-
hole pairs to radiatively recombine. TA experiments using a fs
pump and probe pulse capture the initial dynamics of the
nonthermal electron-hole distribution and its subsequent ther-
malization. Next, we present the TA contour maps as a function
of the probe wavelength and time-delay from all four samples.

Pump-probe spectroscopy

Fig. 2A-D displays the TA data from BA,Pbl, and PEA,Pbl,
along with SnO,/perovskite heterojunction films at a pump fluence
of 47 W cm 2 All measurements were carried out at room
temperature. The excited state dynamics were measured using a
custom-built TA spectroscopy technique; the specifics of the experi-
mental setup are presented in ESL{ Briefly, the samples were
pumped with a 400 nm beam generated by an amplified 800 nm
beam (100 fs and 1 kHz repetition rate) and a Tripler (Minioptic
Tech. Inc.). The samples were then probed using a white light
supercontinuum generated using the fundamental 800 nm beam
focused on a sapphire crystal. The spot sizes of the pump and probe
beam at the sample location were ~2 mm and ~1 mm, respec-
tively. Only reflection optics were used after the supercontinuum
generation eliminating the need for chirp correction of the probe
beam as discussed in detail in ESL{ Each sample is represented by
four panels. The bottom left panel depicts a wavelength-dependent
contour map of the TA for the initial 10 ps after excitation. The
central prominent blue region in the panel is characteristic of the
ground state bleaching signal present in the TA measurements. The
pink regions on either side of the bleaching signal are indicative of
increased absorption at these wavelengths by the sample in the
excited state. The smaller contour map on the top right in each
panel plots the evolution of the TA peaks for the entire delay time
(~900 ps). The absorption data in the contour map is spliced at
different time delays (between 0 and 10 ps) and plotted against the
wavelength in the top left panel. The data is further spliced at the
central wavelengths of each prominent peak and plotted versus time
on the bottom right panel.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Transient absorption dynamics of (A) BA,Pbl,, (B) SNO,/BA,Pbly, (C) PEA,PbI,, and (D) SnO,/PEA,PDbI,. In each figure, the bottom left panel shows
contour maps of the differential absorption changes as a function of time (y-axis) and wavelength (x-axis) in the early timescale until 10 ps. The top panel
shows snapshots of the differential absorption spectrum at different times. The right panel shows the time evolution of each peak, where the blue colour
represents the high energy absorption peak, the black line represents the bleaching peak, and the pink line represents the low energy absorption peak
over long time delays (~1000 ps). The top right panel shows the contour lines for longer times.

A common feature present in all samples is an initial red-
shift of the three peaks: the bleaching signal, and the two
absorption features for times <1 ps. This observation agrees
well with a theoretical prediction of an excited state geometric
relaxation at early times.?” In each case the bleaching signal is
longer lived compared with the two absorption features. The
decay of each of these three transient species is represented
primarily by bimolecular process, details are provided below
where we discuss the decay kinetics.

The high energy peak at 495 nm arises due to photoinduced
absorption of carriers. The low energy peak at 530 nm decays
faster in PEA,PbI, with an average lifetime of ~70 ps compared
with an average lifetime of ~111 ps in BA,Pbl,, demonstrating
the effect of the cation (at pump fluence of 47 pJ cm™?). These
decay curves are shown in the ESIt (Fig. S5). The 530 nm peak
does not decay to a negative absorption peak with increasing
delay time, indicating the absence of biexcitonic features in
these samples. As seen in CsPbBr; NCs, a biexciton decay would
result in a bleaching (negative signal) growth due to carrier
cooling and recombination processes.>’** The origin of this
low energy TA peak is therefore most likely polaronic since the
lifetime depends on the nature of the cation that forms the
barrier layer. Moreover, the delay in the appearance of each of

This journal is © The Royal Society of Chemistry 2025

the three peaks may be attributed to the inherent nature of
each peak. The high energy photoinduced absorption feature
(at 495 nm) appears first. The band-edge bleaching signal
appears ~0.5 ps later, indicating the formation of excitons
and electron-hole pairs. Consequently, the low energy polaro-
nic absorption peak (at 530 nm) is seen after the band-edge
bleaching signal emerges once the excitons dissociate into
polarons via exciton-phonon interactions.

While comparing the bleaching signal, it should be noted
that BA,Pbl, shows two peaks (Fig. 2A) unlike PEA,PbI,
(Fig. 2B), which shows a single bleaching peak. This is con-
sistent with the steady-state optical results from BA,Pbl, which
shows two PL peaks (clearly observed at low temperatures);
PEA,Pbl,, however, shows a single PL peak from 20-350 K.*°
The low energy PL peak in BA,Pbl, was attributed to shallow
defects.”® Although the bleaching signal is stronger in PEA,Pbl,
compared with BA,Pbl,, which is consistent with a stronger PL
in PEA,Pbl,, the amplitudes of the absorption peaks for both
cations are similar. While comparing the perovskite films with
and without SnO, (Fig. 2B and D) the overall TA features remain
unchanged; however, the overall amplitude of the two absorp-
tion peaks decreases when SnO, is present. This suggests that
even before the thermalization of carriers, there is some
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transfer of electrons from the conduction band of the perovs-
kite layer to SnO,, similar in both BA,Pbl, and PEA,PbI,.

Fig. 3A-D compares the TA spectra of BA,Pbl, and PEA,Pbl,
at selected delay times for four different pump fluences. The data
for the SnO,/perovskite heterojunctions are shown in ESIf
(Fig. S6). The highest pump fluence of 144 pJ cm™> corresponds
to a carrier density of approximately 4.7 x 10" cm™? in PEA,Pbl,
(details are provided in ESIY). The overall bleaching intensity
increases with the pump fluence for all samples. The intensity of
the bleaching peak is larger for the PEA,Pbl, sample compared to
the BA,Pbl, sample, although the intensities of the two absorp-
tion peaks are comparable at each fluence. The presence of the
SnO, heterojunction does not influence the intensity of the
bleaching peak but decreases the intensity of the absorption
peaks in both samples at all fluences (Fig. S6, ESIt). The presence
of SnO, further influences the bleaching signal in the SnO,/
BA,PDbI, sample by passivating the shallow defect states present
only in the BA,PbI, sample; the two-peak feature of the band-
edge bleach is less pronounced in the heterojunction. The ratio of
the intensity of the low energy to the high energy absorption peak
decreases with increasing pump fluence, whereas at low pump
fluence the intensity of the low energy absorption peak is larger
compared to that of the high energy absorption peak. This
further indicates that the high energy absorption peak at
495 nm is due to the photo-induced absorption of carries since
it increases with increasing pump fluence. The low energy
absorption peak at 530 nm, however, does not significantly
increase with increasing pump fluence.

The photoexcitation process is schematically shown in Fig. 3E
(using the one particle representation) where a nonthermal
distribution of carriers thermalizes to a Fermi Dirac distribution
of carriers with an effective temperature of the carriers much
higher than that of the lattice. This is then followed by a cooling
of the distribution. Due to the presence of excitons in these
systems, one should invoke a two-particle representation for
excitons, as shown in the inset. A strong coupling between defect
traps and hot carriers will result in additional relaxation paths,
which may compete with the electron-phonon interaction. The
TA data as a function of the pump fluence, which changes the
initial carrier concentration, allows us to understand the nature
of carrier recombination and the relaxation process. Specifically,
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it provides insights into whether the dynamics is governed by free
carrier and/or exciton relaxation, whether the defect states in BA,Pbl,
play a role in the cooling dynamics, and whether the cooling rates
depend on the organic cations and the presence of the SnO, layer.

Decay kinetics

The decay dynamics in hybrid perovskites has been shown to
depend on the pump fluence.***° Especially in 3D perovskites,
high pump fluence implies high charge carrier densities and
the recombination involves bimolecular electron-hole and
Auger recombination. The overall charge carrier recombination
(of the excited state density, n) is usually given by:*>"

%: G — kin — kon® — ki, (1)
dr

where k; is the rate for monomolecular process, k, describes
the bimolecular recombination rate, and k, describes the Auger
recombination rate. For a strictly excitonic system, the decay
kinetics is governed by a monomolecular decay, where k; = 0,
and the k, term denotes exciton-exciton annihilation, which is
an Auger-like recombination process for short-range exciton-
exciton interactions.

We note that the CVD grown samples have misorientation in
the perovskite planes, which reduces the excitonic binding energy,
suggesting that these perovskites deviate from a 2D system. These
systems are still mainly excitonic; however, the misorientation in
the planes as well as defects can result in free carriers at low pump
fluences. This in turn suggests that in eqn (1), the first-order term is
a tell-tale sign of the presence of excitons in the system and the
third-order term signals the presence of free carriers. Additionally,
the second-order term may be used to describe the Auger like
exciton-exciton annihilation process in an excitonic system and a
bimolecular carrier recombination process in the presence of free
carriers. It is also important to consider that the formation of
bound excitons is not instantaneous. Ultrafast processes in II-V

semiconductors,’>>* show a range of time scales with hot e-h pair

100 fs1 ps . 10-100ps . . 10-100 ps
—— cold e-h pair ——— continuum exciton ——— bound

exciton.
In order to make the fitting method unbiased and place the
unknown parameters of eqn (1) into comparable (but also
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Fig. 3 Transient absorption spectra as function of pump fluence. The 8-panel figure shows the differential absorption spectra for BA,Pbl, (top) and
PEA,PbI, (bottom) at four pump fluences (A) 47 pJ cm™2, (B) 72 pJ cm™2, (C) 111 uJ cm 2, and (D) 144 uJ cm 2. (E) Schematic of the photoexcitation
process. The inset shows a two-particle representation of the excitonic process.
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intensity dependent) units, we normalize n(¢) by its initial value
ny, which results in the following equation:

d/n G o[ ko [ : ndies [ } )
— = =—- — | —7 — ) = — .
dr\ng no : Mo 0% no 0"3 Mo

Eqn (2) may be further simplified as:

dn -~ .
D= G — kit — heyi?

_ L =3
dt fes i,

3)
where the normalized intensity counts 7i = n/n, are used to fit
the data. The fits give an estimate for the normalized rates: k;,
k, = noky, and ks = ny2ks, which, due to being in the same units
in this form, may be directly compared in determining the
dominant decay mechanism for a specific pump fluence.

The measured intensity counts were fitted by first normalizing
n(t), which is to divide by the maximum value n,. The measured
intensity counts as a function of time were compared to the
solution of the cubic rate eqn (3) by numerical integration. The fit
parameters were optimized with multiple nonlinear regression.
Notably, the multiple nonlinear regression was relatively straight-
forward because changing &s, k,, or k; predominately changes the
early, intermediate, and late time behaviour of the integrated
solution, respectively. This effective separation of timescales
facilitated rapid convergence during the regression process. The
differential eqn (3) can be fitted directly with a linear regression;
however this requires taking discrete derivatives, which amplify
noise. For this reason, fitting to the integrated solution is
expected to be more accurate.

Fig. 4A shows the decay kinetics of the normalized bleaching
signal as a function of the pump fluence for BA,Pbl, and
PEA,Pbl,. The bold black and grey lines represent the fits by
eqn (3). The data and fits for the perovskite and SnO, hetero-
junctions are shown in ESIf (Fig. S7). The decay kinetics
depend on the excited state density and the elapsed time. As
an example, we show the decay kinetics of PEA,Pbl, at the
lowest fluence (47 pj cm™2) in the three panels of Fig. 4B, where

A B
£ & Tl e
‘6 72 pJicm?
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the blue lines illustrate what the fit would look like if only &, k;
and £,, and all three terms of eqn (3) are considered, respec-
tively. This helps visualize how the rate constants govern at
different time scales. As seen, the k; term impacts early times
<10 ps, k, determines the intermediate times, and k; dom-
inates at longer times > 200 ps. Moreover, the fits demonstrate
the need for considering all three rate constants at early times
when the system is far from equilibrium. This observation
agrees with the earlier discussion that the formation of bound
excitons is not instantaneous and at early times the system is
not yet excitonic. When the carrier density is high at early
times, far from equilibrium, the rate constants are not intrinsic
to the material. Only when the excitation density is low, where a
dilute exciton gas is maintained, the rate constants are intrinsic
to the material and k; is the dominant term.

%, = ky, k», and £; for all four samples versus pump fluence
are shown in Fig. 4C. With these normalized units, the y-axis
for the three panels is comparable, which demonstrates that
the bimolecular (k,) and the non-radiative Auger (k;) recombi-
nation processes dominate the monomolecular process (k;).
This further indicates the presence of free carriers in the
systems. To further compare the decay rates as a function of
the pump fluence across all four samples, we plot the decay
rates in un-normalized units: ki, k,, and k3 in Fig. 4D; n, is
taken as the maximum intensity count. Estimation of the
absolute carrier density is included in ESI} (Table S2). Several
differences are seen between the BA,Pbl, and PEA,Pbl, sam-
ples as discussed below.

The presence of defect states in BA,Pbl, (seen as two peaks
in the band-edge bleach) impacts the decay rates. The negli-
gible k; contribution in BA,Pbl, could be more of a fitting
artifact due to the scatter in the data beyond 40 ps. The
excitonic contribution (k;) is the highest in PEA,Pbl, at higher
fluences (top panel of Fig. 4C and D). At high pump fluence, the
excited state density increases, and the system behaves like an

excitonic system. At the highest pump fluence of 144 pJ cm 2,
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Fig. 4 Decay of the band-edge bleach. (A) Normalized AA of the bleaching signal in BA,Pbl, and PEA,Pbl, and their fits as a function of the pump
fluence. (B) Fits to the highest fluence decay data in PEA,PDbly illustrating the fits when considering only k; (top panel), k; and k, (middle panel), and all

three rate constants (bottom panel) of egn (3). (C) The normalized decay rates <Z I:,) for all four samples as a function of the pump fluence. (D) The un-

normalized decay rates 3 k; for all four samples as a function of the pump fluence.
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k=3 x 107 ps~" in PEA,PbI, which is comparable to 2D Sn-
based perovskite systems such as PEA,Snl,, where k; = 2.5 x
10~* ps~'.>* Additionally, this value of k; is comparable to
lifetimes obtained from TRPL measurements (Table S1, ESIT).

Fig. 4D shows that with increasing pump fluence, k;
decreases for all samples and k, increases, suggesting that
the recombination dynamics at higher fluences is mainly
governed by monomolecular and bimolecular processes. The high-
est fluence (144 pJ cm ™) data for PEA,PbI, fits well with k; = 0,
similar to other excitonic systems where k, now denotes the exciton-
exciton annihilation process due to Augerlike recombination.>
This is contrary to the low fluence data (47 yJ cm™?) for the same
sample, where the less-bound e-h pairs play a role with a substantial
value for k;, accounting for Auger recombination at early times
(Fig. S8, ESIY), further highlighting the role of the excitation density
on decay kinetics. BA,Pbl, and its heterojunction with SnO, at the
highest fluence, however does not fit well with k; = 0, although the
value of k; is lower compared to the low fluence data. This could be
related to the defect states in BA,Pbl,.

Analysing the decay dynamics shed light on the significance
of the three rate constants. At early times, when the excitation
density is high and the system is far from equilibrium, the &;
term representing Auger recombination can be significant in
such perovskite systems.

Hot carrier cooling

The TA data allows the estimation of the relaxation and cooling
dynamics of the photoexcited electron-hole pairs. The normal-
ized TA spectra of all samples at early times (¢ < 5 ps) after
photoexcitation show spectrum broadening at the high-energy
tail of the band-edge bleach (insets in Fig. 5). This broadening
has been attributed to the presence of a quasi-equilibrium
carrier distribution at a temperature larger than the lattice
temperature of the sample. The photogenerated carrier distri-
bution upon excitation typically follows a Fermi-Dirac distribu-
tion, which may be approximated with Maxwell Boltzmann
distribution as long as the excitation energy is much larger
than the quasi-Fermi energy'*>°

AA(hw) oc exp(—hw/(ksTe)), (4)

where kg is the Boltzmann constant and 7. is the carrier
temperature. The carrier temperature is an average of both
electron and hole distribution temperature. To give adequate
time for the carriers to thermalize, we fit the high-energy tail of
the bleaching peak between E ~ 2.4 and 2.5 eV with eqn (4)
beyond time delays of 600 fs. The high-energy tail was defined
between the fist inflection point and the first minima on the
high-energy side of the bleaching peak for each sample. Fig. S9
(ESIT) shows an example of this fit for one of the samples.
The carrier temperatures at all pump fluences for BA,Pbl,
and PEA,PbI,, extracted from the high-energy tail of the band-
edge bleach, are shown in Fig. 5. The carrier temperatures for
the heterojunctions are shown in Fig. S10 (ESIt). At the highest
pump fluence of 144 pJ cm™?, the initial carrier temperature is
close to 2000 K in PEA,Pbl, compared with approximately
1300 K for BA,Pbl,. The slightly lower temperatures in BA,PbI,
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Fig. 5 Photoexcited carrier cooling. (A) and (B) Transients of cooling
curves (carrier temperature), obtained from eqgn (4), for all pump fluences
for BA,Pbl, and PEA,Pbl,, respectively. The dashed lines show fits for an
exponential decay in each case. The insets show the normalized TA signal
at different time-slices distinguished by different colours and the high-
energy tail fits using egn (4) are shown by dashed black lines.

may be attributed to the defect states, resulting in an energy
loss mechanism. The high-energy tail of the second peak at
2.45 eV was fit for the BA,Pbl, (inset, Fig. 5A) sample to obtain
the temperatures. At lower fluences, there is more scattering of
the data, making it more difficult to fit. By assuming an
exponential decay, we obtain the time constant (z.) for the
cooling dynamics. The cooling times for the highest pump
fluence are shown in Table 1. Overall, the time constants are
similar across all samples, ranging between 140-200 fs. At the
highest pump fluence of 144 pJ cm™2, slightly enhanced values
of 7. are observed in the heterojunctions, indicating that
electron transfer to the SnO, layer increases the cooling rates.

The fast cooling, albeit counterintuitive due to the reduced
phonon modes in 2D perovskites, has been observed in several
2D perovskite systems.'®'” This is contrary to 3D MHPs that
show longer cooling times, typically in the ~ps regime, which
is mediated by a hot phonon bottleneck effect, especially at
high carrier densities."””*® Ideally, if the electron-phonon inter-
action is weak, the intrinsic hot carrier lifetime should be long.
Using pump-push-probe spectroscopy, Carwithen and co-
workers have shown that with increased binding energy of
the excitons, the suppression of the hot phonon bottleneck
becomes more pronounced, resulting in faster cooling rates.'”
The fast cooling rates here indicates that the Frohlich

This journal is © The Royal Society of Chemistry 2025
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Table 1 Time constants (to) for cooling dynamics at the highest pump
fluence

PEA,Pbl, SnO,/PEA,Pbl, BA,Pbl, SnO,/BA,Pbl,

7. (144 pJ cm™2) 146 + 5 fs 171 £ 10 fs 157 + 10 fs 213 & 16 fs

interaction plays a major role. What is perhaps surprising is that
both BA,Pbl, and PEA,Pbl, show similar 7., even though BA,Pbl,
has defect states (Fig. 2). These results suggest that defects play less
of a role in the relaxation process in 2D MHPs and that the main
driving factor is the carrier-phonon interaction, which is less
screened in 2D perovskites due to the low dielectric function of
the organic barrier layer. Although fast cooling rates are not ideal for
photovoltaic materials, our results provide insights into the role of
organic cations in carrier cooling. Additionally, since CVD is such a
versatile process for the growth of 2D perovskites and for tailoring
the orientation of the perovskite planes by changing the initial
thickness of the metal halide layer, it opens a vast space for tuning
carrier dynamics in 2D MHPs as a function of the thickness of the
films and the type of organic cations.

Conclusions

In summary, we present ultrafast TA spectroscopy from CVD
grown 2D MHPs using the prototypes BA,Pbl, and PEA,Pbl,. The
heterojunctions of these films with a thin spin coated SnO, layer
were also investigated. The TA features are characterized by a low
and a high energy absorption peak with respect to the band-edge
bleach at 520 nm. The low energy absorption peak at 530 nm
decays faster in PEA,PbI, (70 ps) compared with BA,Pbl,, (111 ps)
indicating that the cation plays a role. It is most likely polaronic
in nature where the absorption peak denotes optical excitation of
the polaron due to the organic cation.

The decay dynamics of the band-edge bleach as a function of
the pump-fluence was investigated in a way that is not fully
accounted for in the literature. For low to intermediate pump
fluence, the decay in all samples fits best with three rate
constants. At early times when the carrier density is high and
the system is far from equilibrium, the Auger recombination
(k3) is the dominant term as the less bound e-h pairs can
interact with each other. As time elapses, when a dilute exciton
gas is formed, the decay is mainly determined by a single
parameter (k;). Subtle differences are seen between PEA,PbIl,
and BA,Pbl, at high pump fluences. The k; term vanishes in
PEA,PbI, at the highest fluence when the exciton population is
high, and the bimolecular term dominates. Although the k;
term decreases in BA,Pbl, with increasing fluence but it is
finite, which is most likely due to the defect states.

At the same pump fluence, the hot carrier Fermi temperature is
higher in PEA,PbI, compared with BA,Pbl,, which we attribute to
defect states in BA,Pbl, resulting in additional energy loss in the
thermalization process. Despite the differences in defect states and
the Auger recombination contribution in PEA,Pbl, and BA,Pbl,, the
carrier cooling times in both samples are almost identical (~ 150 fs).
This fast-cooling rate suggests that the main driving component

This journal is © The Royal Society of Chemistry 2025
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here is the Frohlich interaction term. The feasibility of the growth of
compact 2D perovskites films by CVD allows a glimpse into how the
growth method itself plays a role in the electronic properties and
thus, carrier dynamics in these systems along with the versatility for
tuning material properties.
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