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ABSTRACT: The nature of photoexcitations in Ruddlesden−Popper (RP) hybrid
metal halide perovskites is still under debate. While the high exciton binding energy in
the hundreds of millielectronvolts indicates excitons as the primary photoexcitations,
recent reports found evidence for dark, Coulombically screened populations, which
form via strong coupling of excitons and the atomic lattice. Here, we use time-resolved
mid-infrared spectroscopy to gain insights into the nature and recombination of such
dark excited states in (BA)2(MA)n−1PbnI3n+1 (n = 1,2,3) via their intraband electronic
absorption. In stark contrast to results in the bulk perovskites, all samples exhibit a
broad, unstructured mid-IR photoinduced absorbance with no infrared activated
modes, independent of excitonic confinement. Further, the recombination dynamics are
dominated by a bimolecular process. In combination with steady-state photo-
luminescence experiments, we conclude that screened, dark photoexcitations act as a
population reservoir in the RP hybrid perovskites, from which nongeminate formation of bright excitons precedes generation of
photoluminescence.

Organometallic halide perovskites have been suggested for
a wide range of optoelectronic applications.1−6 Their

broad application range results from their unique charge carrier
properties. In most three-dimensional (3D) perovskites, a very
small exciton binding energy allows an immediate separation of
the charge carriers into free electrons and holes. On the
perovskite structure, these charges are stabilized due to the
formation of polarons by a structural reaction of the lattice to
the additional charge being present. The presence of these
“large polarons” has been associated with the extraordinary
properties of perovskite materials.7−13 While 3D perovskites
have many favorable properties and have already been
investigated in much detail, degradation effects pose a serious
obstacle for widespread application.14,15 These effects can lead
to permanent damage by ion movement and segregation of the
halides. Polaron formation has been associated with some of
these processes.16

The insertion of additional, larger organic molecules as
spacers between layers of inorganic lead halide octahedra leads
to two-dimensional (2D) Ruddlesden−Popper structures.
These isolated layers have a reduced dimensionality and
form quantum-well-like systems with additional degrees of
freedom. Furthermore, these materials exhibit an improved
stability due the isolation of the functional layers by the spacer
molecules acting as a diffusion barrier.17

Popular 2D perovskites have been derived from the MAPI
(methylammonium lead iodide) prototypical 3D perovskite

system. Insertion of longer organic cations such as
butylammonium (BA) leads to layers of MAPI of a defined
thickness, resulting in BA2(MA)n−1PbnI3n+1 (BAPI) with
thickness n. These systems can be considered as prototypical
2D perovskites.
While 3D perovskites are often regarded as mainly polaronic

with strong coupling to lattice motions, for 2D perovskites, the
exciton binding energy (Eb) usually is much higher, leading to
a characterization as being of excitonic nature.18

In recent years, several publications investigated the charge-
carrier behavior in 2D hybrid perovskites. Many of these
studies used time-resolved photoluminescence (TRPL) meas-
urements to monitor the recombination of excitons over time
using multiexponential fits as a model. The different fit
components are then often related to free and trapped exciton
recombination.19,20

Contrary to TRPL experiments, vis−vis transient absorption
(vis-TA) measurements are sensible to all charge carriers
present on the sample. Recombination components missing in
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comparable TRPL measurements are often associated with
nonradiative recombination paths. Nevertheless, the main fit
model so far used in literature to analyze the vis-TA data is
multiexponential, assuming a dominant monomolecular
exciton mechanism21 with possible additional bimolecular
effects due to EEA.22

Combining and comparing data from TRPL and vis-TA
experiments proves to be complex. Usually TRPL and vis-TA
measurements are conducted on different experimental setups,
which can lead to uncertainties regarding the excitation density
and the exact sample position investigated.
In a very recent publication, Simbula et al.23 aimed to

overcome these obstacles using an ultrafast tandem spectros-
copy approach, combining both measurement techniques in a
single experimental setup. They found that for 2D perovskites,
(BA)2PbI4 in this case, the bright luminescent excitons are in
an equilibrium with an additional dark species forming the
majority population. They interpreted their findings based on

polarons being formed on the 2D perovskites, even though the
exciton binding energy of these systems significantly exceeds
kBT at room temperature, which hinders free charge-carrier
formation. They argued that the exciton and polaron
population are in an equilibrium with the probability of
exciton formation being reduced as the polarons are energeti-
cally stabilized and have an increased mass compared to free
carriers.
Strongly screened charge carriers usually have smaller

binding energies on the order of tens of meV.24−26 Our
transient absorption spectroscopy in the mid-IR (mIR-TA) can
therefore monitor their electronic transitions directly.27,28

Here, we present the dynamics of the dark majority
population in (BA)2(MA)n−1PbnI3n+1 perovskites with different
thicknesses (n = 1, 2, 3) using mIR-TA on the picosecond time
scale. We find a dominant dark population reservoir, which
recombines via a bimolecular recombination process for all
samples investigated. They thereby form bright excitons, which

Figure 1. (a) UV−vis spectrum of (BA)2(MA)n−1PbnI3n+1 (n = 1, 2, 3) and (MA)PbI3 (n = ∞) for comparison. The excitation wavelength in the
time-resolved mIR measurements is highlighted by a color bar. (b,c) Infrared spectrum of (BA)2(MA)n−1PbnI3n+1 (n = 1, 2, 3) and (MA)PbI3 (n =
∞) for comparison in the “fingerprint” region (b) and around 3000 cm−1 (c).

Figure 2. (a) Normalized photoluminescence spectra of (BA)2(MA)n−1PbnI3n+1 (n = 1, 2, 3) with corresponding normalized absorption spectra
(dashed lines) for comparison. (b) Excitation power dependency of the integrated PL signal. Color code as in (a). (c) Red-shift of the (BA)2PbI4
(n = 1) PL signal with increasing excitation density; the inset shows the peak wavelength as obtained from a Gaussian fit.
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cause the photoluminescence in these samples. The decrease in
exciton binding energy with increasing layer size appears to
have little influence on the population of these screened charge
carriers.
2D Ruddlesden−Popper perovskites are characterized by a

band gap signal at higher energies and a distinct exciton peak
as the lowest optical resonance. That exciton resonance is
associated with the 2D nature of photoexcitations in these
materials. In Figure 1a, the absorption spectra of the samples
used for this publication are shown. The trend toward a lower
band gap and exciton energy with increasing active layer
thickness is well-visible. In particular, the exciton resonance
peak moves from around 515 nm for n = 1 over 567 nm (n =
2) to around 600 nm for the n = 3 variant. In addition, the
peak intensity weakens with increasing active layer thickness.
These findings are in good agreement with spectra reported in
literature.29,30

Additional infrared spectra, presented in Figure 1b,c, show
the distinct vibrational signature of these samples, which
originate from their organic cations. A more detailed analysis
of the infrared spectra can be found in the Supporting
Information.
Analyzing the photoluminescence (PL) behavior of perov-

skites allows investigating the key recombination mechanisms
of photoexcitations in these systems. PL spectra can addition-
ally provide information on further states, such as biexci-
tons.31,32

In Figure 2a, the photoluminescence spectra of the samples
are presented. While the single-layer n = 1 variant shows a
single peak around 528 nm, the quasi-2D variants with n = 2
and n = 3 show a more complex PL spectrum. Similarly to their
UV−vis absorption, additional signals occur due to other
phases being present in the samples. In the absorption
spectrum, these phases have a negligible signal strength
compared to the main layer thickness. Nevertheless, for the
exciton recombination, which is at the physical origin of the
photoluminescence in 2D perovskites, a different behavior can
be observed. As already described in the literature, photo-
excitations tend to transfer to the large-n phases, where they
have a smaller exciton binding energy.33,34 That leads to PL
spectra where additional peaks at lower photon energy are
comparatively more dominant. This effect has been described
with a wide range of characteristic times from some
picoseconds33 up to nanoseconds.34 As there is no effect on
this time scale apart from the bimolecular recombination
described later, we conclude that these effects occur later to the
effects described in this article. In the n = 1 variant, we
additionally find that with very small excitation power, the
spectrum of the photoluminescence shifts to smaller wave-
lengths as demonstrated in Figure 2c. A detailed discussion of
this effect may be found in the Supporting Information.
Apart from spectral changes, the relation between the

integrated photoluminescence signal and the excitation density
enables insights into the charge-carrier recombination
mechanisms. In principle, the PL intensity I follows a power
law I ∝ Nl with N being the charge-carrier density, which
approximately is linearly dependent on the excitation density,
and l being the power index. In the literature, an index of l = 1
has been associated with a monomolecular recombination
behavior, which is characteristic of a purely excitonic process.35

For a bimolecular process, which would be characteristic for a
polaronic recombination, an index of l = 2 can be deviated.36

In the samples investigated here, we find power exponents of

approximately l = 1.5 for all three structures as shown in Figure
2b. For perovskite samples, a wide range of power exponents
between l = 1 and l = 2 has been reported. While some reports
showed a clear linear relationship between excitation fluence
and the initial PL intensity for quasi-2D perovskites indicating
an emission from an excitonic state37,38 and a power exponent
of l = 2 for 3D perovskites connected to a free carrier
emission,36,39 other experiments show a more complex picture.
Values on the order of l = 1.5, like our findings, have been
associated with a variety of effects. In many cases, the deviation
from a purely excitonic behavior was associated with additional
trap states.40−42 Although the plethora of influencing factors
make a concluding assignment of a certain recombination
mechanism to a specific power coefficient rather speculative, it
is apparent that a more complex view of the exciton signal in
the systems investigated here is required.18 In particular,
possible dark states, which do not recombine radiatively, can
influence the exciton population; their recombination behavior
therefore needs to be considered to obtain a realistic
description of the photophysics in these materials.
Time-resolved spectroscopy on perovskite samples usually is

performed by either transient absorption spectroscopy in the
visible (vis-TA), time-resolved PL (TRPL) spectroscopy, or a
combination of both. Nevertheless, to study polaronic charge
carriers with a strong electron−phonon coupling directly,
monitoring their electronic absorption, mid-infrared time-
resolved spectroscopy proves to be a valuable tool.27,43 In our
experiments, we find very broad, unstructured absorption
features arising within our time resolution of approximately 0.5
ps upon excitation of the samples at their characteristic exciton
resonance. Contrary to reports of the three-dimensional MAPI
perovskite,28,44 there are no signs of polaronic infrared
activated vibrations close to the ground-state vibrational
modes in the spectroscopic “fingerprint” region. In addition
to the spectra used for the analysis in Figure 3 (the spectra are
presented in the Supporting Information as Figures S3 − S5),
we further extended the probe region for the
(BA)2(MA)2Pb3I10 sample to higher probe frequencies up to
2300 cm−1 without encountering relevant changes in the signal.
Our probe energy is in the energy range of 156 to 195 meV for
all samples with additional measurements for the n = 3 variant
reaching up to 285 meV. Calculations in literature assume the
exciton binding energy of the three variants investigated to
increase from the probe region in this experiment for the n = 3
case to much higher energies for the n = 2 and n = 1 case.45

The spectral shapes we found in our experiments show no
relevant difference between the samples. This suggests that the
charge carriers observed in our experiments are of the same
nature independent of the active layer thickness. As the exciton
binding energy changes significantly between the samples, an
excitonic origin of the sample should lead to relevant
differences for samples with exciton binding energies below
or close to the MIR probe energy compared to the samples in
which the exciton is bound much stronger. In particular, the
occurrence of photoinduced absorption peaks around the
exciton binding energy and due to transitions within the
exciton levels could be expected if the infrared signal was
excitonic. The very broad spectra with no clear structure for all
three variants with their varying exciton binding energy lack
such excitonic signatures. They point to an electronic
absorption, in which a bound carrier can be excited to the
conduction band over a broad energy range as the probe
energy exceeds its electronic binding energy. We therefore
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conclude that the signal we find in the mid-infrared is not of a
purely excitonic nature but that it rather points to a state in
which Coulombic polaronic screening reduces the binding
energies of the photoexcitations considerably.26,46

Evaluating the picosecond recombination behavior of the
samples over multiple excitation densities as shown in Figure
3a−c, we find a distinctive bimolecular behavior. In addition, at
very high excitation densities, a higher-order mechanism, such
as Auger recombination, might be present at very short time
scales. Within our time resolution of approximately 0.5 ps, we
do not observe delayed processes, and the maximum
absorbance change is reached immediately. We find that for
the smallest exciton densities around 10 μJ/cm2, correspond-
ing to initial charge-carrier densities on the order of 5 × 1017

cm−3, very long carrier lifetimes up to nanoseconds can be
observed. To further evaluate the data, we fitted a bimolecular
recombination model to the data: = ++n t A y( ) n

n k t 1 0
0

0 2
. Here,

we use a rate equation model, which is well-established in the
literature,47,48 and its bimolecular solution for a global fit with
a shared bimolecular recombination constant k2 (calculations
of the initial charge-carrier density n0 can be found in the
Supporting Information). Due to the limited time scale of 2 ns

investigated here, an additional monomolecular component
cannot be supported by the data (see SI Figure S2). We find
that the recombination constants are similar for all three
samples with the fitted k2 being (7.5 ± 0.3)*10−10, (9.0 ±
0.3)*10−10, and (6.7 ± 0.2)*10−10 cm3/s for the n = 1, 2, 3
variants, respectively. Although the exact fit values of k2 need
to be considered with some reserve, in particular when
comparing them with other measurements from literature, due
to large interdependence with the initial charge-carrier density
n0, it is clear that the bimolecular recombination rates appear
not to differ massively with changing active layer thickness.
The k2 values obtained from the fit are of similar order as
values reported for MAPI (n =∞)28 or other 2D perovskites.49

In contrast to measurements by Chen et al.49 with
(PEA)2(MA)n−1PbnI3n+1, we did not find a distinct decrease
in the k2 from n = 1 to the n = 2, 3 variants. This further
strengthens the assumption that the photoexcitations inves-
tigated are of the same origin in all samples investigated.
While our experiments constitute, to the best of our

knowledge, the first ps time-resolved mIR measurements in
2D perovskites, a variety of time-resolved measurements on
BAPI as well as on other, in some aspects similar, systems have
been reported. In many cases, the vis-TA signal has been
attributed to excitonic effects. In particular, multiexponential
fits have been interpreted assuming different exciton
recombination channels.20,21 While vis-TA is sensible for all
charge carriers, TRPL investigates only the excitonic charge
carriers. Similarly, multiexponential fits with different recombi-
nation times for free and trapped processes have been
proposed.19,50 For both methods, additional bimolecular
processes due to EEA have been reported at higher excitation
densities.22,51,52

Recently, a series of publications casted some doubt on the
assumption that the charge carriers in popular 2D perovskites
are of a predominantly excitonic nature. In a study of the
exciton spin dynamics of 2D CsPbBr3 nanoplates, Tao et al.
found a very weak exciton−exciton interaction and an
increasing exciton spin lifetime with higher temperature.26

They interpret their findings as effects of a polaronic screening
of excitonic charge carriers, yielding exciton polarons having a
considerably decreased binding energy compared to the
excitonic state. Similarly, Mondal et al. showed in a
combination of TRPL and vis-TA experiments that higher
temperatures favor the formation of larger-size, geminate pairs
with smaller binding energy in 2D systems.53 They argue that
the loosely bound species can act as a reservoir for exciton
formation and subsequent recombination. The argument that
exciton polarons play a significant role in the photophysics of
2D perovskites has also been stressed by Srimath Kandada and
Silva.54

In a recent article, Simbula et al. investigated a wide range of
perovskites by analyzing their vis-TA and TRPL signal in a
tandem spectroscopy setup.23 They found that in all systems
investigated, including some 2D perovskites such as (BA)2PbI4,
excitons form the minority charge carrier with dark, non-
luminescent species being the majority charge carriers. They
interpreted their findings as polarons occurring in the form of a
polaron plasma, which is in a dynamic equilibrium with bound
excitons. Using a rate model, they argue that the majority
photoexcitations, being described as polarons, replenish
decayed excitons, which form the main recombination channel
visible by TRPL measurements. Therefore, a bimolecular
recombination behavior present in a vis-TA signal can be

Figure 3 . Norma l i z ed recombina t ion dynamic s fo r
(BA)2(MA)n−1PbnI3n+1 (n = 1, 2, 3) in (a−c), respectively, together
with a bimolecular fit. The data is averaged from 64 detector pixels
covering a spectral region from 1257 to 1356 cm−1.
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associated with the formation of excitons from dark states,
which thereafter produce a characteristic excitonic emission
signal. Thus, the excitonic decay is driven by the changes in the
dark reservoir charge-carrier density.
While an analysis of vis-TA data together with appropriate

TRPL measurements allows only indirect conclusions on the
dark-state population, the mIR measurements presented in our
article are particularly and directly sensitive to screened charge
carriers with a reduced binding energy. We find the results of
our mIR-TA measurements in combination with steady-state
PL analysis in very good agreement with the recent
publications implying screened species to play a very important
role in the photophysics of 2D perovskites. In particular, we
can associate the bimolecular recombination mechanism
clearly visible in all (BA)2(MA)n−1PbnI3n+1 (n = 1, 2, 3) with
nongeminate exciton formation from a dark majority species
with a strong electron−phonon coupling leading to a reduced
binding energy. We additionally find from the steady-state PL
spectra that the concluding recombination step is of excitonic
nature. Using a rate model for a predominantly screened
carrier population in equilibrium with excitons, we interpret
our steady-state PL excitation power dependence as a direct
result of this combined recombination path. We find that the
change in recombining excitons ṅx, which is proportional to the
steady-state photoluminescence signal, scales with the amount
of additional photoexcitations created on the sample ṅsc, being
proportional to increases in the excitation density, according to
a power law with an exponent of 1.5, similar to our findings
present above.
Our assignment of the mIR-TA signal to a dark, screened

species is further strengthened, as there are no relevant
differences in the bimolecular recombination behavior for the
three active layer thicknesses n, which are associated with
exciton energies above or around the probe energy,
investigated. The lack of polaron-associated IRAV modes
further implies that the charge carriers monitored here are not
of purely polaronic nature either.
Using time-resolved mIR spectroscopy, we demonstrate that

dark, screened charge-carriers with polaronic properties play an
important role in the model (BA)2(MA)n−1PbnI3n+1 (n = 1, 2,
3) 2D perovskites. We find that these photoexcitations
recombine bimolecularly independent of layer thickness.
From our steady-state PL experiments, we conclude that the
dark states form bright excitons, which then recombine
radiatively. Our experiments emphasize the important role of
charge-carrier screening and the charge−lattice interaction in
2D perovskites, contributing to the ongoing debate regarding
the nature of photoexcitations in Ruddlesden−Popper hybrid
metal halide perovskites. Our results show that strategies for
activating the dark-state population is key for producing bright
luminescence, which will be desired for use of these materials
in light-emitting and photonic applications.
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