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ABSTRACT: Hybrid metal halide perovskites exhibit well-defined semiconducting properties
and efficient optoelectronic performance considering their soft crystal structure and low-
energy lattice motions. The response of such a crystal lattice to light-induced charges is a
fundamental question, for which experimental insight into ultrafast time scales is still sought.
Here, we use infrared-activated vibrations (IRAV) of the organic components within the
hybrid perovskite lattice as a sensitive probe for local structural reorganizations after
photoexcitation, with femtosecond resolution. We find that the IRAV signal response shows a
delayed rise of about 3 ps and subsequent decay of pronounced monomolecular character,
distinguishing it from absorption associated with free carriers. We interpret our results as a
two-step carrier localization process. Initially, carriers localize transiently in local energy
minima formed by lattice fluctuations. A subpopulation of these can then fall into deeper
trapped states over picoseconds, likely due to local reorganization of the organic molecules
surrounding the carriers.

The promise of efficient solar cells based on metal halide
perovskites, which can be versatilely and inexpensively

processed by low-temperature solution1 or vacuum based
processes and scaled to large dimensions,2,3 has drawn
considerable attention over the past few years. Among the
materials investigated in this context, CH3NH3PbI3 (MAPbI3)
is probably the most widely studied and can be considered a
standard in this field. It offers highly desirable optical
properties4 as well as a long charge carrier lifetime and
diffusion lengths.5 The soft and deformable polar lattice of
MAPbI3 implies significant coupling between electronic and
vibrational degrees of freedom and is distorted in the presence
of a charge. Such structural deformations have been associated
with the formation of large polarons,6−9 which, in turn, have
been associated with the formation of long-term photoinduced
degradation processes by halide separation.10 The role of the
methylammonium (MA) cations in polaron formation, freely
rotating within the inorganic scaffold at room temperature, has
been a subject of debate.11−13 A consensus regarding the
question whether the organic cations are essential to polaron
formation has not yet been reached.14−16 Nonetheless, the
dipole moment of the cations should, in any case, render them
sensitive to the presence of a charge. Because the organic
cations can interact with the inorganic sublattice via
interactions between ions and between ions and dipoles, as
well as hydrogen bonding, structural deformations will affect
both constituents.
Time-resolved measurements in the mid-infrared spectral

range offer the opportunity to observe spectrally broad
absorption features of electronic origin and sharp absorption

peaks associated with vibrational modes of the organic cations
simultaneously.17−21 The latter appear in the form of infrared-
activated vibrations (IRAVs) in the presence of a charge. The
concept of IRAVs has been introduced in the field of
conjugated polymers, where they appear as intense absorption
peaks in the electronic excited state.22−24 Because of the
sensitivity of the underlying molecular vibrations of the MA
cations toward structural properties, these IRAVs can be
employed as indicators of processes, which are accompanied by
deformations of the perovskite structure.25

Pronounced structural distortions are involved in the process
of charge localization, which are reflected in the properties of
the IRAVs. Charge localization has been shown to be induced
via dynamic disorder evoked by the mechanically soft lattice as
well as the MA molecules.26−28 A two-step localization process
has recently been inferred from calculations.29 Initially, the
excess charge is localized by local thermal fluctuations of the
structure. In a second step, the charge affects its surroundings,
leading to further distortion of the inorganic lattice and
reorientation of MA cations, thus completing the localization
process. Following a similar line of thought, initial localization
has also been suggested to be triggered by the disordered
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dipolar field of organic cations and then further stabilized by
distortions of the inorganic sublattice.26 Furthermore, by
comparison of the properties of hybrid perovskites to those of
all-inorganic perovskites, it has been shown that localized polar
fluctuations are a general feature of lead halide perovskites, and
the dipolar organic cation is no prerequisite for their
occurrence.30 In accordance with these observations, ultrafast
electron diffraction measurements reported the evolution of
light-enhanced local disorder of the inorganic lattice on a
picosecond time scale.31 A comparable time scale for structural
changes of the inorganic sublattice has also been derived from
the observation of long-lived anisotropy in several perov-
skites.32 This effect is ascribed to dynamically fluctuating
deformations confined to small regions of the lattice, which
spontaneously lead to localized polarized distortions on a time
scale of picoseconds.
In this Letter, we study the interplay between charge carrier

recombination dynamics and the structural changes induced in
MAPbI3 perovskite by transient mid-IR spectroscopy. We
propose that the IRAVs observed in the mid-IR spectrum
associated with vibrational modes of the MA cations represent
a sensitive probe for structural reorganization processes upon
electronic excitation and reflect the localization of charge
carriers on a time scale of a few picoseconds.
The absorption peaks in the infrared spectrum of the

MAPbI3 thin film (see Figure 1a) between 1000 and 3500
cm−1 can be attributed to the vibrations of the organic MA
cations (experimental details on steady-state spectroscopy can
be found in the Supporting Information). The NH3

+ stretching
vibrational modes are found around 3150 cm−1, while the
bending vibrations of the molecule lie between 1390 and 1630
cm−1 (see Figure 1b). Here, the NH3

+ symmetric bending
vibration at 1468 cm−1 is the most prominent one, flanked by
the asymmetric CH3 bending mode at 1421 cm−1 and the
asymmetric NH3

+ bending mode at 1578 cm−1. The ground-
state absorption of the former two vibrations is included in the
spectral range covered by the probe beam in the time-resolved
measurements, where the 500 nm pump beam results in above-

band-gap electronic excitation, as indicated in the visible
spectrum shown in Figure 1c.
Transient spectra show a broad absorption covering the

whole spectral range investigated, overlaid with sharper
absorption peaks centered at 1475 and 1400 cm−1 (see Figure
2 for the spectra at an initial charge carrier density of ∼5.4 ×
1019 cm−3; spectra for more intense pumping can be found in
Figure S1). Both features were also observed in mid-IR
measurements on the nanosecond time scale14,19−21 and with
quasi-steady-state measurements covering a wider spectral
range.25 In these experiments, a broad absorption line shape
increasing toward lower energy was also present, peaking
around 1200 cm−1 and followed by a sharp dip in absorption
toward lower frequencies. This absorption was attributed to
photoexcitation of self-trapped charge carriers, i.e., polarons,
since the absorption edge disagrees with identifying the
background as pure Drude absorption of free carriers. It
could be reproduced by a large polaron model.20,33

In analogy to similar observations in conjugated polymers,34

the sharp absorption features atop of the broad background are
identified as IRAVs of enhanced amplitude induced in the
presence of a charge, which can be associated with vibrational
modes in the ground state. It has been previously
demonstrated that in polymers they arise due to structural
reorganization around the excess charge, which leads to Raman
modes becoming IR-active.22,35 In MAPbI3, the ground-state
vibrations associated with the observed IRAV modes are the
symmetric NH3

+ bending mode for the absorption at 1475
cm−1 and the asymmetric CH3 bending mode in the case of the
smaller peak at 1400 cm−1. The former is blue-shifted by 7
cm−1 with respect to its ground-state absorption, while the
latter shows a red-shift by 21 cm−1.
Several possible explanations for the IRAV in the excited

electronic state are worth considering. All of them are based on
interaction between the photoinduced charge and the MA
cation. The observed frequency shift might be due electrostatic
interaction leading to a redistribution of charge density on the
molecule, sometimes also termed the vibrational Stark
effect,18,36 or be mediated by a change in hydrogen bond
strength between the MA and the inorganic lattice.37−39

According to the empirical Badger’s rule,40 a change in

Figure 1. Steady-state spectra of MAPbI3 thin film. (a) FTIR
spectrum with spectral range covered by the probe beam in the time-
resolved measurements marked in red. (b) Enlarged view of the
methylammonium bending vibrations in (a). (c) Visible spectrum
with spectral position of the pump beam at 500 nm.

Figure 2. Transient IR absorption spectra measured at indicated delay
times after optical excitation at 500 nm with an initial excitation
density of ∼5.4 × 1019 cm−3. IRAV modes associated with CH3 and
NH3

+ bending modes are marked in gray.
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bonding strength is reflected in a frequency shift of the
associated vibrational mode. Both mechanisms would account
correctly for the observed frequency shift in opposite
directions of the IRAV associated with NH3

+ and CH3 as
compared to their respective absorption in the ground state.38

For a more detailed discussion of the physical phenomena that
might contribute to the interaction between the MA and the
photoexcited charge, we refer the reader to the Supporting
Information (see page S4).
The origin of intensified IR bands in the electronically

excited state has also been attributed to the modulation of
charge distribution by vibrational motion23,24 or to the mixing
of low-lying electronic and vibrational transitions.41 Our
measurements do not clearly speak in favor of one of the
above processes. It seems likely that a combination of the
mechanisms presented is responsible for the formation of the
IRAV.
While associated with specific molecular vibrations, IRAVs

need to be clearly distinguished from the excited-state
absorption (ESA) upon vibrational excitation. The ESA
manifests itself in absorption that is red-shifted in comparison
with the respective vibrational mode in the ground state due to
anharmonicity of the vibrational potential and is accompanied
by bleaching of the ground state (GSB). No such bleaching is
observed here.
To exclude a pump-induced temperature rise as the main

cause of the observed sharp absorption features, a series of
FTIR measurements were conducted to investigate temper-
ature-induced absorption changes. Neither the derivative-like
shape nor the position of the spectral feature associated with
temperature change resembles the IRAV absorption in the
electronic excited state (see Figure S2). Thus, there are
furthermore no indications of cooling of thermalized hot
carriers with an effective temperature above that of the
surrounding lattice, which would also result in temperature-
related spectral changes.
For short delay times up to 0.5 ps, background spectral

dynamics resemble a shift toward higher energies or a
broadening of the underlying absorption profile that is not
clearly separable from dispersion effects or possible coherent
interaction between pump and probe at earliest times. After 0.5
ps, a uniform decay without significant spectral changes to the
background is observed (see Figure 2). With increasing
excitation intensity, the maximum amplitude at 1.5 ps increases
proportionately (see Figure S3), and the decay is accelerated
considerably (see Figure 3a). We extract kinetics at selected
positions in the transient IR absorption (see Figure 3). A free
carrier recombination model,42,43 including a bimolecular and
a monomolecular component, does not reproduce the decay
dynamics of the charge carrier density n with time t to a
satisfactory degree over the whole time window observed. The
initial faster decay dominated by bimolecular processes and the
slower process usually attributed to monomolecular recombi-
nation cannot be replicated at the same time: the contribution
of either one of the processes is always underestimated. To
allow for variation in the relative contribution of both
processes, we adopt a model with independent bimolecular
and monomolecular contributions, implying a decaying charge
carrier population with an additional contribution that follows
dominantly monomolecular recombination, as discussed
below:

γ
= +

+
τ−n t an b

n
n t

( ) e
1

t
0

/ 0

0 2

1

A global fit for all three excitation intensities with bimolecular
recombination coefficient γ2 and the monomolecular decay
time τ1 as shared parameters is employed. The experimental
parameters a and b are allowed to vary with excitation intensity
(for fit parameters see Table S1). They include the optical
cross section, which is independent of carrier density and
accounts for deviations from the standard free carrier
recombination model. The initial charge carrier density n0, as
estimated from the employed excitation intensity and the
absorption properties of the perovskite (see Supporting
Information), is set as a fixed parameter. The fit results in γ2
= 4 × 10−10 cm3/s and τ1 = 1 ns. Bimolecular recombination
coefficients for MAPbI3, as determined based on the standard
free carrier recombination model, commonly are on the order
of 10−9−10−10 cm3/s for the tetragonal phase at room
temperature.44−49

The amplitude increase of the monomolecular component
shows a saturation behavior at higher initial charge carrier
densities (see Figure 3b). While bimolecular recombination
dominates at shorter delay times, dynamics from 100 ps
onward are mostly determined by the monomolecular
contribution, according to the development of their fitted
amplitudes with time.
Turning to the evolution of IRAV dynamics, we focus on the

mode associated with the NH3
+ vibration, since its broader

spectral width allows a clearer assessment of the peak
compared to the CH3 IRAV, which is mostly defined by
only two pixels. The determined dynamics of both modes are
comparable (see Figure S4). To follow the NH3

+ IRAV peak
dynamics, a Lorentzian is fit to the peak at each individual time
delay (see Figure 2), and its area is taken as a measure of

Figure 3. Recombination dynamics of the absorption background at
1390 cm−1 for different excitation fluences. (a) Experimental data and
global fit curves including a bimolecular and a monomolecular
recombination term. The bimolecular component is indicated by
dashed lines. (b) Enlarged view of the area marked in gray in (a) with
the monomolecular contribution represented by the dash-dotted
curve.
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oscillator strength. An increase within the first few picoseconds
is followed by recombination over hundreds of picoseconds
(see Figure 4). The maximum area of the IRAV mode is not

proportional to excitation intensity but shows pronounced
saturation effects. The initial rise distinguishes the IRAV mode
dynamics clearly from the underlying broad background
absorption at short times. The IRAV signal increase is
characterized by a time constant of 3 ps.
Furthermore, the dynamics of the IRAV mode differ not

only in the initial rise, which is not found in the background
dynamics, but also in their decay. Two recombination
processes occurring on distinct time scales are found for the
IRAV, which are indeed similar to the two components
identified in the background. For the fit curves shown in Figure
4, the decay rates are fixed to the same values as in Figure 3,
namely γ2 = 4 × 10−10 cm3/s and τ1 = 1 ns. Thereby, we follow
the findings for the nanosecond time scale, where the broad
polaron absorption and the NH3

+ peak show a concomitant
decay.21 However, there is a stark difference in the relative
amplitudes of bimolecular and monomolecular components.
For the IRAV dynamics the ratio between both components is
6−15 times smaller than for the background (see Table S2 for
fit function and parameters).
The monomolecular contribution observed for the IRAV

dynamics and the one in the background absorption show a
similar dependence on excitation density. The contribution to
the dynamics of the NH3

+ peak area increases by a factor of 2.5
for an increase in initial charge carrier density from about 5.4 ×
1019 to 2.7 × 1020 cm−3 and by a factor of 1.2 from 2.7 × 1020

to 5.4 × 1020 cm−3. At the same time, the amplitude of the
monomolecular decay component of the background absorp-
tion increases 3.0 and 1.2 times, respectively. The similar
saturation effect with regard to initial charge density in
combination with the shared relaxation constant gives evidence
that both monomolecular processes are interconnected.
Monomolecular recombination dominates the time period
relevant for efficient charge separation in hybrid perovskite
solar cells.
The different overall temporal dynamics of background and

IRAV modes seems to indicate the presence of two different
charge carrier species: one showing predominantly bimolecular
recombination and contributing mainly to the background
absorption and the other recombining primarily via a
monomolecular process and dominating the IRAV response.

As substantiated by the significant bimolecular contribution
that dominates at high excitation densities, the dynamics of
freely moving charge carriers is the one providing the main
contribution to the background absorption. The IRAV modes,
probing a different subset of charges, represent a charge carrier
species that undergo a slower, effectively monomolecular,
recombination process. Their sensitivity toward structural
changes implies that the IRAV modes should react to strongly
localized charge carriers, in particular, since localization
processes directly affect the participating MA cation. The
expected lower mobility and increased barrier toward
recombination of the localized charges agree with the observed
slower, predominantly monomolecular decay of the IRAV
signal on a time scale of a few nanoseconds.
The sensitivity of the organic cations toward charges in their

vicinity has been a recurring theme in the interpretation of
charge-related effects in perovskites,8,27,28,50 and reorientation
of the MA within the inorganic crystal has indeed been shown
to occur with a time constant of 3 ps, similar to the initial
increase of the IRAV. With the IRAV as an indicator of charges
under the influence of localization sites, be they of dynamic or
static nature, its rise time of 3 ps can be interpreted as their
structural formation time. Considering the slower reaction of
the inorganic lead halide lattice, this result is in good
agreement with recent time-resolved diffused X-ray scattering
measurements which showed polaron formation to occur
within the first 20 ps.51

In summary, our results indicate that a subgroup of charges
undergoes a picosecond localization process. We show that
these localized charges are not identical with freely moving
charge carriers but seem to participate in joint monomolecular
recombination processes. Localization is accompanied by
structural deformation involving the methylammonium cati-
ons. The associated IRAV modes are shown to be sensitive
indicators of the structural distortions and allow for a temporal
characterization of this process. Thus, our findings highlight
the interplay between structural and electronic properties and
demonstrate their influence on charge carrier dynamics
relevant for optoelectronic and solar cell applications of hybrid
lead halide perovskites.
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