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ABSTRACT: A hot phonon bottleneck may be responsible for slow hot
carrier cooling in methylammonium lead iodide hybrid perovskite, creating the
potential for more efficient hot carrier photovoltaics. In room-temperature 2D
electronic spectra near the band edge, we observe amplitude oscillations due to
a remarkably long lived 0.9 THz coherent phonon population at room
temperature. This phonon (or set of phonons) is assigned to angular
distortions of the Pb−I lattice, not coupled to cation rotations. The strong
coupling between the electronic transition and the 0.9 THz mode(s), together
with relative isolation from other phonon modes, makes it likely to cause a
phonon bottleneck. The pump frequency resolution of the 2D spectra also
enables independent observation of photoinduced absorptions and bleaches
independently and confirms that features due to band gap renormalization are
longer-lived than in transient absorption spectra.

Hybrid organic−inorganic perovskites, especially methyl-
ammonium lead iodide (MAPI), have in recent years

demonstrated remarkable increases in photovoltaic efficiency.
Despite a soft, fluctuating structure, MAPI films exhibit an
impressive set of optoelectronic properties, including micro-
second carrier lifetimes, high carrier mobility, and long carrier
diffusion lengths.1−6 From the intensive study of these materials
in recent years, it has become clear that fundamentally different
physics are responsible for the high performance of hybrid
perovskite photovoltaics as compared to more traditional solid-
state semiconductor devices. In addition to their promise for
solar energy, hybrid perovskites may find applications in LED,
photodetector, laser,7,8 and thermoelectric9 devices. Because
these materials are solution-processable, they are potentially
quite economical. Unfortunately, MAPI’s commercial applica-
tions are limited by thermodynamic instability,10 moisture
sensitivity, and lead toxicity. Understanding the principles and
mechanisms behind this material’s exceptional optoelectronic
properties is an important step in the search for a variant
material with the potential for wider application.11

Unlike conventional solid-state inorganic photovoltaics,
MAPI is soft and polarizable. At room temperature, it has a
high dielectric constant and strong Coulomb screening. This
results in small exciton binding energies12,13 and consequent
rapid free carrier generation upon photoexcitation. Screening
effects are also important in determining the strength of
carrier−carrier and carrier−lattice interactions. Wang et al.
observed a large difference in carrier lifetimes between the low-

temperature orthorhombic phase of MAPI and the room-
temperature tetragonal phase,14 consistent with the changes in
Coulomb screening caused by the discontinuity in the dielectric
constant across this phase boundary. Zhu and co-workers
proposed a “large polaron” model15 to explain the slow
recombination at room temperature. In the polaron model, the
methylammonium cation rotations and/or lattice deformations
rapidly respond to charge carrier generation, creating a
solvation-like envelope and a barrier to recombination. Indeed,
Zhu and co-workers’ optical Kerr effect measurements showed
liquid-like reorientation dynamics stemming from the organic
cation.16 In a recent 2D-IR study,17 Bakulin et al. directly
measured the organic cation reorientations, observing separate
fast (∼0.3 ps) and slow (>2 ps) time scales. However, the
extent to which the organic cation (as opposed to deformations
of the inorganic lattice) might contribute to screening or
polaron formation remains an open question.
The observation of persistent hot carriers18−20 presents

another intriguing prospect for hybrid perovskite photovoltaics.
Paired with energy-selective electrical contacts, such a material
could be used to make a hot carrier solar cell with the potential
to surpass the Shockley−Quessier efficiency limit. Zhu and co-
workers suggested15,20 that reduced carrier−lattice interactions
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due to polarons could explain the slow cooling observed in
transient absorption18,19 and time-resolved two-photon photo-
electron20 measurements. Beard and co-workers instead
proposed that a hot phonon bottleneck produces the effect.
A bottleneck forms when an excited phonon subpopulation
relaxes so slowly that, at high excitation densities, it nears
thermal equilibrium with hot carriers. This model naturally
raises the question of which phonon modes are responsible for
a bottleneck, so that phonon engineering approaches (common
in the design of thermoelectric materials) might be applied to
optimize perovskites for hot carrier photovoltaics. Very
recently, Yang et al.21 suggested that acoustic phonon up-
conversion could allow energy to be recycled into the lowest-
frequency optical phonons, producing the bottleneck.
Here we present 2D electronic spectra (2D-ES) of MAPI

thin films at room temperature and covering the energy region
near the band edge. The waiting time dynamics show carrier
cooling as well as a persistent “warm” carrier population above
the band edge. We also observe a long-lived coherent phonon
at 0.9 THz, which we identify as potentially responsible for a
hot phonon bottleneck. Finally, we observe that the pump
frequency resolution in a 2D spectrum allows the photoinduced
absorption (PIA) feature due to band gap renormalization to be
observed independently from the carrier cooling dynamics.
Figure 1a shows the shape of the MAPI film absorption

spectrum near the band edge together with the laser spectrum

after it has passed through the sample. A flat laser spectrum
covering 1.55−1.75 eV yields a peak in the transmitted light at
frequencies below the band edge. Figure 1b shows the laser
pulse sequence used to obtain a 2D spectrum. Each 2D plot is
obtained by scanning the coherence time τ for a set value
waiting time T. The excitation frequency ωτ is obtained via
Fourier transform from the time domain data, while the
emission frequency ωt is measured by a spectrometer. The
result is displayed as a 2D time-resolved frequency correlation
spectrum, as in Figure 2.
Figure 2 shows the real portion of the phased 2D spectra at a

progression of waiting times. The initial carrier density is n =
1.3 × 1018 cm−3 (see calculations in the Experimental Methods

section). The dominant signal is a bleach resulting from
absorption at and above the band edge (1.65 eV). Within the
first 300 fs, the main peak shifts slightly below the diagonal.
This indicates rapid lattice reorganization and/or carrier
thermalization, which was very recently investigated with 2D-
ES using ultrashort pulses.23 A broad bleach below the diagonal
grows as carriers initially excited above 1.65 eV cool to fill the
states along the sloping band edge.
For pump energies below the band gap, we observe a broad

PIA feature, which has been previously observed in transient
absorption measurements.18,19 The PIA red of the band edge is
attributed to band gap renormalization, a red shift that results
when carrier−carrier exchange and correlation interactions
lower the valence band energy. This feature is only visible for
pump energies below the band gap because at higher pump
energies it is canceled by the strongly positive bleach feature.
Interestingly, the PIA observed here appears less transient than
was observed at the same probe energy in transient absorption.
Indeed, a feature due to band gap renormalization should decay
on a similar time scale as the carrier population. In transient
absorption spectra, the PIA is canceled on a more rapid time
scale as the lower diagonal bleach feature associated with hot
carrier cooling grows in. The pump frequency resolution in a
2D spectrum therefore allows the bleach and PIA signals to be
measured semi-independently.
Figure 3a shows the total absolute-value 2D spectrum taken

at waiting time T = 10 ps. The average amplitudes within the
boxed areas are plotted in Figure 3b. The red and orange traces
show the cross-peak growth associated with carrier cooling,
with an exponential rise time of about 300 fs. However, the
majority of the carriers remain above the band edge for more
than 6 ps, as evidenced by the slow decay of the upper diagonal
peak. The bandwidth available in our experiment shows that the
slow cooling occurs for carriers with a broad range of energies
up to at least 75 meV (3kBT) above the band edge. Though our
experiment does not measure hot carriers far above the band
gap, the slow cooling that we observe for these “warm” carriers
is consistent with that previously observed in transient

Figure 1. (a) Linear absorption spectrum of a 150 nm thick MAPI film
(black) and transmitted laser power spectrum (red), which acts as the
local oscillator for heterodyne detection and places limits on the
frequencies in the 2D spectrum. At 1.65 eV, the optical density of the
film was 0.6. (b) Pulse sequence and time delays for 2D-ES. Pulses 1
and 2 provide pump interactions; pulse 3 is the probe; pulse 4 is the
local oscillator used for heterodyne detection; “S” denotes the emitted
echo/four-wave mixing signal. We refer to the delays τ and T as
coherence time and waiting time, respectively. For a more detailed
description of 2D-ES, refer to Brixner et al.22

Figure 2. Real (absorptive) 2D spectra of MAPI films at waiting times
T = (a) 80, (b) 150, (c) 250, and (d) 350 fs. The black line marks the
spectrum diagonal, and the band edge at 1.65 eV is marked with the
dashed lines. The positive (bleach) signals are colored red, and
negative (PIA) signals are blue. A downward elongation of the main
bleach feature results when carriers cool toward the band edge.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.7b01357
J. Phys. Chem. Lett. 2017, 8, 3211−3215

3212

http://dx.doi.org/10.1021/acs.jpclett.7b01357


absorption18,19 and time-resolved two-photon photoelectron20

measurements.
The traces in Figure 3b show very clear amplitude

oscillations, with the same phase and frequency preserved
throughout different areas of the 2D spectrum. The Fourier
power spectrum of these oscillations peaks strongly at 0.9 THz,

as shown in the inset. Such oscillations in the 2D electronic
spectrum are caused by the evolution of vibrational wave-
packets (phonons), generated through an indirect band gap
excitation and interacting with the charge carriers.
The frequency matches that of coherent phonon oscillations

recently observed in pump−probe experiments on MAPI films
in the orthorhombic phase at 77 K,24 though not previously
seen at room temperature. Because the 2D spectrum
measurement is background-free, oscillations can be measured
more sensitively than by transient absorption. Moreover, when
the signal is integrated over the excitation axis as in transient
absorption spectroscopy, small phase differences can attenuate
the resulting sum oscillation. We note that the limited range of
waiting times measured in this work effectively broadens the
Fourier peak, so that the width is not necessarily meaningful.
A collection of modes in the 0.9−1 THz frequency range

have been assigned to a set of Pb−I−Pb angular distortions
with mixed transverse-longitudinal optical character.25 This
frequency has been previously observed in both Raman25,26 and
THz25,27 spectra of MAPI in both the orthorhombic and
tetragonal phases. In fact, owing to low symmetry in the MAPI
structure, phonons cannot be simply assigned to irreducible
symmetry groups, and most exhibit both Raman and IR
activity.26 It is therefore interesting that the 2D spectra show no
influence from the second prominent collection of optical
phonons near 2 THz.27 These modes were assigned to Pb−I
bond stretches and are strongly coupled to the methylammo-
nium tumbling because the cage contractions lead to collisions
with the interstitial cation.28 This is in stark contrast to the Pb−
I−Pb angular distortions, which preserve bond length and are
essentially uncoupled to the organic cation. That the same
coherent phonon oscillations can be observed both in the low-
temperature orthorhombic phase24 (where cation motions are
locked) and in the tetragonal phase at room temperature
(where cations reorient freely) further indicates that the
coherent modes do not couple to the methylammonium
cation. We note that observing the organic cation librations
themselves (around 5−7 THz) in 2D spectral oscillations
would require a greater sampling rate over the waiting time
than that used in this work.
The vibrational dephasing times evidenced by the amplitude

decay of the 0.9 THz oscillations are remarkably slow.
Oscillations on the main diagonal peak (Figure 3b, black)
decay with an exponential lifetime of γ−1 = 4 ps, while the two
lower cross-peak regions show γ−1 = 6 ps (Figure 3b, red) and
γ−1 ≈ 18 ps (orange). By contrast, Leguy et al. estimated a
much shorter lifetime of ∼100 fs for the 2 THz mode from the
Raman line width at 300 K (but did not have sufficient
experimental resolution to estimate lifetimes for the modes near
1 THz).25 The long dephasing times suggest that the 0.9 THz
optical phonon(s) that we observe has a strong coupling to the
electronic transition but weak interactions with the remainder
of the phonon modes, especially compared to the 2 THz mixed
organic−inorganic mode. The strong coupling between the
inorganic-only phonon and the electronic transition is
consistent with a calculation by Kawai et al.29 predicting that
charge carriers couple mainly to the lattice and only indirectly
to the interstitial cation because the valence and conduction
band states involved in the near-band edge transitions consist of
only I and Pb orbitals. However, an isotopic substitution study
by Gong et al. demonstrated that carrier lifetimes indeed
depend on the cation libration frequency.30 Together with the
absence of persistent hot carriers in the all-inorganic perovskite

Figure 3. (a) Total (absolute-value) 2D spectrum at T = 10 ps, with
boxed regions of interest corresponding to the main diagonal peak
above the band edge (black) and two lower cross-peak areas (orange
and red). The band edge at 1.65 eV is marked with the dashed lines.
(b) Plots over waiting time of the absolute value spectrum amplitude
averaged over the different boxed regions shown in (a). Lines to guide
the eye have been drawn using a smoothed spline interpolation of the
raw data points (also plotted). Amplitude oscillations in the black, red,
and orange curves decay with exponential lifetimes of 4, 6, and 18 ps,
respectively. The main diagonal peak amplitude plot (black) has been
scaled by a factor of 2/3. Inset: Fourier power spectrum of the
coherent phonon amplitude oscillations obtained from the spline
interpolation of the lower cross-peak trace (orange line) from 2 to 6
ps. Early time data was omitted to remove the zero-frequency
component, while the 0.1 ps data interval only adequately samples
frequencies up to about 2.5 THz. The peak frequency is at 0.9 THz
(30 cm−1, 3.7 meV).
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CsPbBr3,
16 this suggests that the organic cation still plays a key

role. The following picture emerges: electronic transitions and
free charge carriers interact on the shortest time scales only
with the inorganic lattice phonons, especially a low-frequency
mode involving only angular distortions. On longer time scales,
the organic cation begins to have an indirect influence on the
charge carriers via the coupling between cation rotations and
lattice stretching modes. If a large portion of the initial energy
lost to the lattice is deposited in the coherent 0.9 THz
mode(s), isolated from the rest of the lattice, a bottleneck could
form.
Because MAPI films have poor thermal conductivity,

suggesting strongly scattered and/or highly localized acoustic
phonons, it is tempting to think that acoustic phonons might be
responsible for the bottleneck effect. However, our observation
of coherent phonon oscillations is evidence contrary to the
recent suggestion that the bottleneck is due to acoustic phonon
up-conversion21 because a cooling and up-conversion cycle
would not preserve the phonon phase coherence. Therefore, if
up-conversion into the low-energy optical phonons contributes
to the bottleneck effect, it is only on time scales greater than
∼10 ps.
Understanding the interaction of optical excitations and

charge carriers with the nuclear motions of the lattice is critical
to unraveling the puzzle of perovskites’ remarkable photovoltaic
properties. The enhanced resolution afforded by two energy
axes in two-dimensional electronic spectra clearly reveals the
coupling between the electronic transition and a coherent 0.9
THz optical phonon(s) in MAPI. It seems likely that the
electrons also couple strongly to these motions, which in turn
interact weakly with the rest of the phonon bath, making it a
good candidate as the origin of a phonon bottleneck. Modes
near 0.9 THz mode are assigned to Pb−I−Pb angular
distortions, which do not couple to the methylammonium
cation reorientations. Despite the striking difference in both
charge carrier relaxation and cation rotational freedom between
the tetragonal and orthorhombic forms, what is not clear is
whether the methylammonium cation interacts with the charge
carriers on time scales relevant to the electron cooling.

■ EXPERIMENTAL METHODS

Methylammonium Lead Iodide (MAPI) Films. To fabricate 150
nm thick MAPI films, a two-step method was adopted. The 0.2
M PbI2 in N,N-dimethylformamide (DMF) was spin-coated at
4000 rpm onto the glass substrate and then heated at 75 °C for
5 min. The perovskite film was grown by dipping the PbI2 film
for 1 min in a 8 mg mL−1 solution of methylammonium iodide
in 2-propanol at a temperature of 75 °C. The substrate was
then dried by heating on a hot plate to 100 °C for 10 min. All
of the processes were carried out in a N2-filled glovebox.
Samples were exposed briefly to air when transferring to a N2-
filled optical cryostat for the spectroscopic experiments.
Two-Dimensional Electronic Spectroscopy. Broad-band laser

pulses were prepared by pumping a home-built noncollinear
optical parametric amplifier with a 1 kHz amplified Ti:Sapph
laser (Coherent Inc., Astrella). The pulses were compressed to
80 fs using a pair of fused silica prisms, as measured via
autocorrelation on a two-photon photodiode at the sample
position. The beams were attenuated to achieve a fluence of 4.2
μJ/cm2 for each pump beam and 0.9 μJ/cm2 for the probe
beam at the sample position. Using the equation

= ϕ
ν

− − ×
×n T R

h l0
(1 ) (transmission T = 10−0.6; reflection R =

11%; total pump fluence ϕ = 8.2 μJ/cm2; photon energy hν =
1.65 eV; film thickness l = 150 nm), we calculate the excitation
density n0 = 1.3 × 1018 cm−3.
The phase-stable two-dimensional 2D-ES experimental

arrangement used in this work has been described elsewhere.22

A combination of a beam splitter and diffractive optic were used
to generate four beams in a box-car geometry. The waiting time
delay T between the pump and probe was controlled using a
motorized delay stage, while the delay τ between the two pump
pulses was controlled by translating 4° glass wedge pairs placed
in the beam path. The four beams were focused to a 1/e2

diameter of 60 μm and carefully overlapped at the sample
position. The signal was then emitted along the phase-matched
direction, co-propagating with the attenuated local oscillator
beam. The heterodyned four-wave mixing signal was detected
in the frequency domain using a spectrometer (Princeton
Instruments, Acton Advanced SP2300A) and CCD camera
(Princeton Instruments, PIXIS 100). A linear phase correction
corresponding to the time delay between the signal and local
oscillator was added to generate the approximately phased
spectra in Figure 2. Amplitude oscillations were measured using
the absolute value spectra (see Figure 3) in order to rule out
any possible artifact from the phasing procedure.
The MAPI samples are much more scattered than a typical

single crystal or nanocrystal solution, which poses a significant
experimental challenge in 2D-ES. Two choppers and an
economical microcontroller (Arduino Uno) were used to
dynamically remove undesired scattered light, especially the
scattered probe interference with the local oscillator. This
contribution is especially important to remove because the
probe-local oscillator delay is nearly equal to the signal-local
oscillator delay; therefore, it is not easily removed using a time
domain window during the data processing. A detailed
description of this scheme for significantly improving the
signal-to-noise ratio can be found in ref 31, in which a
frequency-resolved pump−probe measurement was used for
demonstration.
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