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ABSTRACT: Sub-10 fs resolution pump—probe experiments

Dissociation of localized e-h" pairs |

on methylammonium lead halide perovskite films are described. @ 20 fs CO——

Initial response to photoexcitation is assigned to localized hot /' ’ T B

excitons which dissociate to free carriers. This is attested to by A N @ Y 20 18

band integrals of the pump—probe spectra where photoinduced (o] I

bleaching rises abruptly 20 fs after photoexcitation. Later stages \

of spectral evolution are consistent with hot carrier cooling, <10t VB \’\',_;;{—
during which state filling induced bleaching of interband and MAPbX I g 5 o @
exciton transitions curiously more than doubles. Electron : ’ = Time (fs)

coupling to optical phonons is observed as periodic spectral

modulations in the pump—probe data of both films. Fourier

analysis identifies active phonons at ~100 and 300 wavenumbers pertaining to the lead-halide framework and organic cation
motions, respectively. Coupling strengths estimated from the depth of these modulations are in the weak coupling limit, in
agreement with values extracted from temperature dependent emission line shape analysis. These findings support free carriers in
these materials existing as large polarons. Accordingly, these modes are probably not dictating the moderate carrier mobility in
this material.

B INTRODUCTION renormalization by hot carriers. These assignments are based
on the dependence of these features on pump fluence and
wavelength. Finally, several interpretations of the delayed broad
PIA higher in the interband continuum have been suggested.
Some have assigned this to the same band gap renormalization
mentioned above, while others trace it to additional intraband
excitations. All of these need to be re-examined in light of a
recent study which assign this band to pump induced variations
in reflectivity of the sample and not related to bulk absorption
changes.'”

Most pump—probe experiments on OLHPs were conducted
with time resolution incapable of recording initial carrier
emergence and thermalization. This includes a previous study
from this lab which showed that much of the BE PIB appears
before substantial cooling of the nascent hot carriers and this

The impressive power conversion efficiency (~20%) obtained
in solar cells based on three-dimensional organic lead halide
perovskites (OLHP), along with their ease of preparation, have
generated an immense effort to understand the underlying
photophysics. Results show that crucial factors behind their
high power conversion efficiency are large optical absorption
cross sections, substantial electron—hole diffusion lengths and
slow electron—hole recombination rates." ™'’ Given OLHP’s
hybrid nature, assessing the roles of exciton vs free carrier
transport has been an issue of central importance. While views
on this vary, most studies highlight the essential role of free
electrons and holes in the context of photovoltaic perform-
ance.'"”"” Under solar irradiation, most photons absorbed in
methylammonium lead iodide perovskite (MAPbL;) possess g ) )
~0.4 €V of excess energy above the 1.65 eV band gap (BG). was .ass1gned to effeggs of hot carrier AsAcreemng on the st.ate
Accordingly characterizing the dynamics of free carrier density near the BE. The_ spectral taﬂ_mg Of. tha?se screening
generation and relaxation is of central importance, requiring effects was employed to estimate an exciton binding energy of
ultrafast spectroscopic investigation. 20—'30 meV er both MAPbk and MAPDbBr; %ayers. But even

A number of dynamic spectral features are common to the improved time resolution employed there did not uncover a

femtosecond pump—probe studies on OLHP films: (1) a rapid signature of exciton dissociation into free carriers. A recent

buildup of intense photoinduced bleach (PIB) centered at the study has addressed these questionsmusing extreme time
optical band-edge, which broadens with increasing pump resolution electronic 2D spectroscopy” from which carrier
fluence, (2) the appearance of a short-lived photoinduced thermalization is concluded to be the fastest process observed,
absorption (PIA) band to the “red” of the optical band edge with a duration which is highly dependent on the excitation
(BE), which decays over the course of hot carrier cooling, and photon energy. However, the intensity distribution of the pulse
(3) a slowly rising low intensity broad PIA near ~650 nm.> "%

Scenario (1) is often assigned to low energy state filling, and Received: September 6, 2017

scenario (2) to shifting of exciton states due to band gap Published: November 26, 2017
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Figure 1. (a) Ground state absorption spectrum of MAPbI; (black line) and NOPA pump spectrum (gray). (b) Same as (a) for MAPbBr;.
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Figure 2. (3, c, e) Transient transmission, finite difference, and species associated spectra of MAPbI, films after excitation to a carrier density of 1 X
10" cm™. (b, d, f) Same for a carrier density of 5§ X 10'® cm™. Associated decay constants for (e) and (f) are presented in Table 1.

spectrum did not allow coverage of the band edge features,
which are both highly structured and exhibit much of the early
evolution of interest. In particular two of the three features
common to ultrafast studies of OLHPs involve this transition
explicitly. Thus, despite the extreme time resolution, the results
of this experiment do not provide a full spectral mapping which
can conclusively analyze such high time resolution experiments
in terms of the carrier dynamics they reflect.

There is another material response which is expected to
affect spectral evolution of the exciton transition at early times
which has strangely not been observed in pump—probe
experiments to date, and that is the excitation and relaxation
of optical phonons. The importance of optic phonon coupling
to the conduction of free carriers in these materials has been
extensively discussed in recent publications.””™>' While the
magnitude of electron phonon coupling in OHLPs has been
tested by following the temperature dependence of emission
line shapes, few time domain measurements have reported
impulsive phonon activity like that observed here, and those
few have not converged in terms of the active phonon
frequencies or their damping dynamics.”>**

18263

Here we report a sub-10 fs pump—probe study of
microstructured MAPbI; and MAPDbBr; films. Data analysis
proves that sample bleaching rises abruptly with an ~20 fs delay
following photoexcitation which is assigned to dissociation of
localized and correlated hot electron hole pairs. The overall
bleaching of exciton and interband absorption later rises
exponentially by a factor of 2.5 with a 250 fs lifetime, tentatively
assigned to increased state filling of the BE exciton during
carrier cooling. Spectral modulations in pump—probe signal
due to impulsively excited LO phonons are recorded and used
to estimate the strength of electron-optic phonon coupling in
both materials. The resulting coupling strengths are well within
the weak regime and compatible with conduction electrons
existing as large polarons.

B MATERIALS AND METHODS

Thin films of methylammonium lead-halide perovskites were prepared
according to a previously described method.** In brief, first spin
coating of 1 M solutions of PbX, (X: I and Br) in dimethylformamide
(Sigma-Aldrich) was carried out on 0.5 mm thick glass substrates. The
spin velocity was 6500 rpm and the spin-coating duration was S s.
After the spin-coating, the substrates were annealed at 80 °C for 10
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min. In the second step, the spin coated PbX, films were dipped into a
solution of 63 mM CH;NH,X (X: I and Br) in isopropanol. Following
the dipping step, the samples were annealed at 80 °C for another 30
min. The samples were characterized by steady state absorption and
photoluminescence spectroscopy. The visible absorption spectra were
measured using a Jasco V-670 spectrophotometer and photo-
luminescence measurements were carried using a fluorescence
spectrometer (Edinburgh Instruments FLS920) equipped with a film
holder. The pump—probe experiments were performed with a home-
built amplified Ti-sapphire laser producing 1 mJ 30 fs pulses centered
at 790 nm, at repetition rate of 1 kHz. The amplified output was split
in two parts for the generation of the pump and probe, respectively.
Sub-10 fs pump pulses were generated in a noncollinear optical
parametric amplifier (NOPA) centered either at ~530 nm (for
MAPbDI, experiments) or ~490 nm (for MAPbBr; experiments) as
shown in Figure 1. The pump was compressed to within 15% of the
transform limit using a prism pair (BK?7), followed by an aluminum
coated deformable mirror. Supercontinuum probe pulses were
generated by focusing the 1400 nm output of an optical parametric
amplifier (TOPAS 800, Light Conversion) on 2 mm of BaF, (in the
case of MAPbI, experiments), or by focusing a 800 nm beam on an ~2
mm sapphire disk (for MAPbBr; experiments). Thereafter, the pump
and the probe were directed toward the sample using reflective optics.
The carrier density dependent experiments were performed by
changing the pump fluence. Figure 1 illustrates absorption spectra of
the perovskite samples, along with the corresponding pump spectra
used for the photoexcitation. The carrier densities immediately after
excitation (ny) were calculated for MAPbL; as described in the
Supporting Information.

B RESULTS

Pump—probe spectra of MAPbI; upon NOPA photoexcitation
are shown in Figure 2 for two carrier densities (see Figure S1 in
the Supporting Information for an additional intermediate
density) along with sample and excitation pulse spectra. The
general trends described in the introduction are apparent in
both. The immediate response of photoexcitation is a red-shift
of the absorption with partial bleach at the BE. Over the next
~1-2 ps, this red-shifted absorption diminishes and at the
same time a net bleach builds up at the BE. To isolate various
stages of spectral evolution, finite difference spectra are
calculated according to eq 1 and presented in the second row
of Figure 2.

AAOD(A, t, At) = AOD(A, t+ %)

- AOD(A, - ﬂ)
2 (1)

Noteworthy aspects of the finite difference spectra are (a) upon
absorption at both intensities a zero integral peak shift rises
sharply at the band edge, and surrounding the second
absorption band at 480 nm. (b) An ultrafast buildup of
bleaching throughout the interband continuum, peaking at the
BE, follows. This bleach red-shifts and narrows over ~200 fs,
erasing the feature described in (a), changes which are assigned
to carrier cooling. (¢) Concomitant transmission changes
surrounding the 480 nm peak differ in that no evolution in this
feature is apparent over the carrier cooling stage. Furthermore,
its intensity and shape are nonlinearly dependent on the pump
fluence. (d) The shifting described in (b) reveals an underlying
reduction in transmission over the range from 550 to 650 nm.
(e) All spectral features broaden as the excitation intensity is
increased.

In order to characterize the spectral evolution in the 480—
900 nm range, global kinetic analysis was conducted according

to the following kinetic scheme: h—D>A AB3c3 D, leading
to the evolution associated spectra shown in the bottom row of
Figure 2. Proper curve fitting required a minimum of five
components; an instantaneous coherent coupling contribution
(CC in bottom row of Figure 2, not included in the kinetic
scheme above), followed by a sequence of four intermediates,
all convoluted with a 15 fs Gaussian instrument response
function. This kinetic model provided near perfect fits to the
low noise data (Figure S2 in the Supporting Information), and
resulted in the time constants presented in Table 1.

Table 1. Decay Time Constants for Transitions between the
Species Associated Spectra Presented in Figure 2e and f

carrier density, cm™ 7, fs T, fs 75, fs
1x 10 135 + 15 180 + 10 270 + 15
2.4 x 108 120 + 10 220 + 10 285 + 15
5% 10 90 + 10 285 + 10 320 + 15

Inspection of the data closely reveals faint intensity
modulations with periods of 100—200 fs. These are assigned
to coherent wave packets in optical phonons due to their
coupling to the electronic transition. To test the generality of
this observation, similar experiments were conducted on
MAPbDBr; thin films exciting just above the BE (Figure 3).
This also served to test if, as observed in CdSe nanocrystals,
coherent phonon modulations become stronger as excitation
photon energy approaches the fundamental gap.”® The
modulations were extracted by subtracting a background from
the decay components at all probe wavelengths (Figure 4c and
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Figure 3. (a) Transient difference and (b) finite difference
transmission spectra of MAPbBr; films after photoexcitation with
490 nm NOPA pulses. (c, d) Temporal changes at the BE bleach and
below BE PIA for MAPbBr; and (e, f) temporal changes at the BE
bleach and below BE PIA for MAPbIL, films.
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Figure 4. (a, b) Two dimensional map of Fourier power for MAPbBr; and MAPbI, films. The abscissa depicts dispersed probe wavelength, while the
ordinate indicates the Fourier frequency. The Fourier power is color coded according to the rulers to the right of each panel. Black lines show the
power as a function of probe wavelength for the two prominent modulation peaks. (c, d) Residual modulations showing a 7z-phase shift when probed
at two different wavelengths for high frequency modes in MAPbBr; and in MAPbI;.

d). Fourier analysis was performed to obtain the frequencies of
the associated phonons. The left panel in Figure 4 presents the
results in color coded maps. Overlaid are cuts which present the
power as a function of the probe frequency for both prominent
optic phonon peaks observed, at 90 + 10 and 340 + 15 cm™
for MAPbBr;,, and at 110 + 10 and 235 + 15 cm™ for MAPbI,.
The low frequency band is tentatively assigned to displace-
ments in the lead-halide scaffolding, while the higher
frequencies to motions in the methylammonium ions.**~*" In
both cases, the Fourier mapping shows a doubled peak
structure along the probe wavelength axis with humps lying
to either side of the exciton peaks in both materials, exhibiting
varying degrees of symmetry.

B DISCUSSION

Two novel facets of OLHP photophysics have been uncovered
here. One is the detection of new vibrational modes which
modulate the transient transmission spectra. From the
modulation depth of the change in probe transmission,
coupling strengths to the exciton transition have been
estimated. This discovery did not depend on high time
resolution, but was facilitated by improved S/N in the
pump—probe experiments. A significant characterization and
analysis of this finding stems from the recent interest in the
impact of lattice deformations on charge mobility and decay
dynamics in these materials. Any new input to assess these
effects should prove valuable.

The second facet is the discovery of a brief initial state of the
excited sample, less than 20 fs in duration, which precedes any
phase of absorption bleaching despite excitation high above the
~1.65 eV band edge. Assignment of this phase to the break up
of localized carrier pairs is based on its briefness and on the
sudden buildup of sample bleach which followes it. This
observation is novel not only to experiments on OLHPs, but to
bulk semiconductors in general, making the interpretation of its
spectral fingerprint a challenge as shown bellow.

Emergence of Hot Carriers in MAPbDI;. One objective
here was to reveal previously unrecorded early stages of carrier
generation in OLHP films. In order to achieve this, laser pulses
shorter than 10 fs have been applied in these experiments. The
phase of spectral evolution unique to this study can be
identified in two measures, species “A” in the kinetic analysis
(bottom row of Figure 2) or, equivalently, the black AAOD
spectra (middle row of Figure 2). Both spectra consist of sharp
peak shift signatures at the edges of both bands. In the finite
difference spectra, a similar peak shift signature appears in the
480 nm band as well. According to the global kinetic scheme
and its associated rates, this signature rises instantaneously and
decays within ~100 fs. However, despite the high quality of
fitting provided by the global analysis, similarity of decay times
associated with consecutive transitions, as well as deviations at
very early delays, demonstrate that a kinetic scenario with
distinct species and exponential decays does not capture the
underlying dynamics of this system. These results are presented
nonetheless to comment on its limitations in light of the
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numerous application of this method in previous studies. Our
interpretation will therefore concentrate primarily on the finite
difference spectra and spectral band integrals to be described
below.

The newly revealed spectral snapshot should be interpreted
in context with the established chronology of hot carrier
dynamics in bulk semiconductors, starting with exciton
dephasing and sub-100 fs thermalization of holes and
conduction electrons whose initial energy is dictated by the
pump spectrum and carrier effective masses,””~**'° followed by
picosecond cooling to the lattice temperature through phonon
scattering. Sharp peak shifting in ultrafast transient spectra is
often related to nonlinear coupling of pump and probe during
their temporal overlap, or until the pump induced transition
dipoles have dephased. We can exclude this assignment in the
present data since these shifts decay only on much longer time
scales. To demonstrate this, Figure S3 in the Supporting
Information presents a series of finite difference spectra where
AOD (t = 15 fs) is subtracted from a series of later transient
spectra extending up to 100 fs. These are depicted along with
the 15 fs transient transmission spectrum. Clearly the ultrafast
shift does not decay away over the first tens of femtoseconds as
expected from electronic coherent coupling. This ultrafast
spectral shifting seemingly precedes thermalization since
spectral variations during carrier cooling should be gradual. In
contrast, shifts in difference spectra over the initial ~100 fs of
delay shown by species “B” or by the red AAOD curves, reveal
a sudden shift to net bleaching. These are assigned to state
filling, consistent with the establishment of a hot Fermi—Dirac
carrier distribution.

The sharp red-shift at the band edge can be assigned to a
shift in exciton and not interband transitions. Stokes shifting of
a step-function-like interband absorption would induce
absorption below the edge without a concomitant induced
transparency above, contrary to the observed trend. Further-
more, an integral of the shift feature near 750 nm is centered at
and of the same spectral width of the exciton band (Figure S4
in the Supporting Information) as isolated by modeling of
MAPDI; linear absorption spectra in numerous publica-
tions.'”'® The remarkably good match supports the above
assignment.

In order to distinguish between exciton dissociation to carrier
thermalization, and demonstrate the delayed nature of the
bleach buildup, difference dipole strength band integrals were
extracted from the data covering the range from 550 to 900 nm
(Figure 5) according to eq 2:

900 A ,
AD(t) = /5 i} 7011(” D 4 o

This measure can detect the onset and evolution of state filling
without reference to specific structure in the transient
spectrum. The lower cutoff at 550 nm provides selective
detection of excitation effects on sample absorption across the
fundamental gap without interference from higher transitions.
Remarkably, despite significant pump intensity dependence of
the TA data in Figures 2ab, 3ef, SI and SS (Supporting
Information) the time dependence of these band integrals is
identical within error for all three pump fluences (Figure S6 in
the Supporting Information). It consists of an abrupt rise
followed by a gradual growth in the net bleach by a factor of 2.5
which is well fit by an exponential of 7 = 240 fs.

Instead of rising instantly, the sudden onset in bleach is
delayed by nearly 20 fs relative to time zero, defined as

© % BE bleach | [
O -A1
3y = AD

AD

0 400 800 1200
Time (fs)

Figure 5. Plot of band integrals for MAPbI; from 550 to 900 nm
calculated according to eq 2. Exponential fit to the delayed rise is
overlaid in red. Inset shows initial 60 fs alongside the rises of the below
band edge PIA (A1) and BE bleach signals during the same period.

temporal overlap of pump and probe. This can be seen when
comparing the rise in AD with that of both halves of the BE
shift feature, included in the inset to Figure 5. In bulk
semiconductors carrier thermalization has been determined to
take place on similar time scales.””~** However, since the pump
spectrum overlaps significantly with the integration range of
AD, state filling should be present instantly. Accordingly, the
delayed ultrafast appearance of band bleaching is assigned to
the emergence of uncorrelated free carriers through exciton
dephasing and dissociation. This roughly equals twice the time
it takes nascent carriers to separate a distance equal to the
average spacing between the photogenerated pairs at the
densities tested. This delay is also on par with the dephasing
times determined using 2D spectroscopy,21 suggesting exciton
dissociation is the main mechanism of decoherence high above
the BG. This appearance time is much shorter than that
reported from broadband THz probing studies.*’ Observing
this phase hinges on the unique capability of the ultrashort
pump pulses to generate localized e—h pairs even high above
the BG due to coherent excitation of a broad band of “k” states.
The source of delay in bleach appearance while electrons and
holes are correlated will require further investigation. It may be
due to the crossed polarization of pump and probe chosen to
suppress scattering. However, previous photoselective pump—
probe experiments on perovskites exhibited very limited effects
at later stages of evolution.'*

Understanding the spectral signature of the dissociating pairs
is difficult since very few equivalent studies have been
conducted in ordinary inorganic semiconductor solids. Much
of the ultrafast study of carrier dynamics in bulk semi-
conductors from the 1980s and 1990s were conducted by
pioneers of ultrafast spectroscopy before advent of the tools we
have at our disposal, limiting time resolution by a factor of 2—4,
and excluding the flexibility of tuning both of pump and of
probe. Nonetheless, the ground-breaking efforts to resolve the
earliest stages of free carrier generation by Hu et al.** and Bar-
Ad and Chemla®™ concur with our assignments. Hu et al.
identify an instantaneous polarization of the electron hole pairs
even before they have time to separate using THz probing, and
assign a characteristic time scale of ~10 fs. This is in GaAs
where the binding energy is minute and this stage should
accordingly be shorter than in the OLHP materials. Chemla
and Bar-Ad applied an approach similar to our own but
limitation of probe bandwidth and pulse durations did not
allow full coverage of the band edge exciton peak fully. It would
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seem however that a fast peak-shift is the leading material
response there as well, similar to our own.

Aside from a firm assignment of the earliest spectral shifting
to the exciton band, interpretation of its origin, and why it
persists well beyond the stage which we assign to dissociation
will require identifying whether this feature is related to
changes in absorption or in reflection. Possible mechanistic
connection between the peak shift observed at early times to a
similar feature observed in reflectivity changes in electro-
absorption experiments’®™*® will have to await such an
identification as well. It is possible that the enhanced
polarizability of the excited pairs causes an effective rise in
sample dielectric constant providing attractive biexciton
interaction lowering the resonance frequency of further exciton
absorption. The slow decay of this feature may indicate that
such stabilization can also be affected by carriers which have
lost correlation as well. In any case, it makes perfect sense that
state filling effects kick in only once the nascent pair coherences
dephase and populations are established.

The next stage of spectral evolution complete in roughly 100
fs is assigned to establishment of a thermal distribution of hot
carriers. This delay is longer than reported for some inorganic
semiconductors. The only experiment conducted with similar
time resolution on this material employing 2D spectroscopy”’
extracted pump wavelength dependent thermalization times in
the 10—50 fs range, in fair agreement with observations here.

Cooling of Hot Carriers. Later stages of spectral evolution
consist of a gradual shift to the blue and a narrowing of the
bleach from shorter to longer probe wavelengths. This shift
uncovers an underlying net reduction in transmission in the
range from 510 to 730 nm, assignment of which is the subject
of debate.'”'® Deschler and co-workers, who separately
measured transient transmission and reflection, have attributed
this to pump induced changes in reflectivity.'” Yang et al. who
also measured reflectivity effects, concluded instead that BG
renormalization is responsible to this broad PIA."® A recent
report by Anand et al. assign the broad induced absorption to
the presence of additional valence and/or conduction bands.*’
Since reflectivity was not addressed here, we cannot contribute
to this debate. The trend of continuous red-shifting and
narrowing of a bleach toward the BE is in line with cooling
induced concentration of the photoinduced carriers at the
bottom of the conduction and valence bands.'>~"**°

One noteworthy aspect concerns the near linearity of the
amplitude of post cooling transient spectra with pump fluence
as demonstrated in Figure S7 in the Supporting Information.
This proves that within the range of carrier densities
experimented with here, population of the exciton states
remains limited, without significant Burstein—Moss shifting.
This is surprising since densities here approach one excitation
per Bohr volume. Even with significant thermal dissociation of
excitons at room temperature, transient spectra should exhibit
some saturation of the band edge bleach. This, however,
dependf.( cs)(r)lgshe exciton binding energy, estimates of which vary
widely.">"

Another aspect is the disappearance of the exciton state peak
shift as carrier cooling advances at all three excitation densities.
This feature is present for at least 100 fs after rising abruptly
and is assigned to screening effects on the excitonic peak. Why
this shift decays during cooling cannot be explained by
complete state filling of the exciton band since even at the
highest pump fluence the combined losses due to changes in
absorption and reflection are a small fraction of the sample OD.

We note that a similar decay in biexciton shifting at the band
edge is also observed in pump—probe experiments on
semiconductor nanocrystals.”*~>*

Comparison of transmission changes surrounding the
fundamental band edge with the 480 nm peak shows that the
ratio of intensities of these signatures decreases markedly with
increasing pump fluence. The latter which is nearly
unobservable at the lowest pump intensity becomes half as
strong at the higher fluence as the shift band around 750 nm.
Interpreting this requires a separation of pump induced changes
in transmission and reflection with the current time resolution
and spectral coverage. Furthermore, the 480 nm band is
curiously unaftected by carrier cooling at either pump intensity
in contrast to the significant transmission changes near 750 nm.
This points to asymmetry in the dynamics of carrier cooling
between the conduction and valence bands, only one of which
is suggested to be mutual to both transitions.”> This is
unexpected since effective masses are similar in conduction and
valence bands.

The gradual rise exhibited by AD over hundreds of
femtoseconds requires further comment. Modeling of band
filling effects is usually performed assuming independence of
the transition dipole on k, producing interband absorption
which is linear in the joint density of states.'® If this approach
were rigorous and absorption bleaching was due exclusively to
blocking of interband transitions, the integrated bleach would
be constant. This strong deviation may reflect a combination of
three possible factors. On the one hand, the assumption of
independence of mVC on either may be incorrect. Another
possibility is that the enhanced apparent bleach is due to the
buildup of stimulated emission which appears once carriers in
both bands have relaxed to the band edge. The third involves
the effects of an increasing population and blocking of
absorption to the n = 1 exciton band which accompanies
carrier cooling.”’ In any case, this observation questions
interpretations of pump—probe data in terms of bleach
conserving models for extracting the time dependence of
carrier temperatures.

Electron—Phonon Coupling in MAPbBr; and MAPbDI;
Films. Nascent free carriers also couple to optical phonons via
the Frohlich mechanism which has recently been investigated
by many groups.22_27’32’33’56_58 All subsequent dynamical
processes, including mobility and recombination, are influenced
by the strength of this interaction, making its quantification
essential. In this section, we will focus on the signatures of
coherent underdamped optical phonons on our measurements
and how it can serve to estimate the coupling strength to these
modes. In the pump—probe data, we observed spectral
modulations surrounding the band edge both in MAPbBr;
and MAPDI; due to electron—phonon coupling. The periodic
modulations in the residuals were obtained by subtracting a
background from the transient kinetics (Figure 4c and d).
Fourier analysis of the residuals identifies frequencies of the
phonons and the intensity of modulation at various probe
wavelengths.

For MAPDBTr;, the phonon frequencies are 90 + 10 and 340
+ 15 cm™' (Figure 4a). The low frequency band has been
assigned to optical phonons involving the lead—halide
scaffolding, and the hiégher frequencies to motions in the
methylammonium ion.**"** The two clearly observed phonon
frequencies in MAPbI, are 110 + 10 and 235 + 15 cm™
(Figure 4b). In both cases faint additional peaks are observed
between these prominent features, whose identity is the subject
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of ongoing study. Furthermore, exciting MAPDI; at the band
gap showed similar modulation amplitudes as excitation high
above it, as presented in Figure S8 in the Supporting
Information, contrary to observations in semiconductor
nanocrystals.*

The identity of the high frequency mode previously assigned
to torsions of the MA cation is subject to some debate. The
large shift of this mode for different halide perovskite has been
suggested to reflect strong interaction between the PbX;™ and
CH;NH;" resulting in a restricted rotation of the methyl
around its C—N axis.”” However, a recent study has suggested
that this mode is no longer valid for the MA cation torsion
since it show up the Raman spectra of both MAPbBr; and
CsPbBr; perovskites.”” As for the low frequency modulations
observed in the two samples, that observed for the bromide falls
below that in the iodide. There is nothing in our experiments
which can explain this puzzling result. Either this mode involves
negligible motion of the halide, or is fundamentally different in
the two materials. Answering this will require further
investigation.

Impulsive excitation of molecular chromophores induced
coherent vibrations in the excited state by simultaneous
population of numerous vibronic levels in the form of a
localized wave packet, and in the ground state via impulsive
resonance Raman scattering. As shown in Figure 4a, the
modulation amplitudes peak in two lobes on either side of the
bromide exciton peak, with 17 phase shift on either side (Figure
4c and d). This indicates that the effect of the vibration is
primarily to shift the central wavelength of the exciton
transition. In molecules, excited state and ground state
populations are distinct, a separation which is more difficult
in solids where our understanding is based on delocalized
excitations. Rather than untangling this distinction here, a
heuristic analysis similar to that described for quantum dots by
Kambhampati and co-workers is applied.”

A displaced harmonic oscillator model for the band edge
exciton transition is envisioned, with the depth of modulation
obtained by comparing the modulation amplitudes to that of
the bleach itself. Electron—phonon coupling strengths are
represented by a set of parameters [A, S, 1]. A is a
dimensionless displacement of the normal coordinate, S is the
Huang—Rhys parameter, and 4 is the reorganization energy. S is
related to A as S = A?/2, and the reorganization energy A to S
as A = hw. oS, where w o is the frequency of the optical

phonon. 4 (AAw) was calculated from our data using

Ange = (%)Aw, where OD is the optical density of the

sample and Aggc is the amplitude of the oscillations in the same
units. d OD/dw was obtained from excitonic absorption spectra
from the literature normalized to 20 mOD for MAPbI; and 30
mOD for MAPbBr; (amplitude of the band edge bleach in our

data).'®*! ddﬂ was obtained by numerical differentiation. Aggc
w

of the high frequency modes (~340 and ~235 cm™') was
obtained by fitting the residuals to a damped sine function
which was then extrapolated to t = 0. Amplitudes of the low
frequency modes were estimated directly from the scans. The
resulting coupling strengths, displacements and reorganization
energies for both materials and modes are provided in the
Table 2. Since S < 1 in both materials, weak electron—phonon
coupling of the detected underdamped modes predicting
formation of large polarons in both materials.

Table 2. Electron—Phonon Coupling Parameters
Determined for MAPbI; and MAPbBr;

hwyo (meV) S A 2 (meV)
MAPbI; 29.13 0.04 0.3 1.1
13.63 0.02 0.2 0.3
MAPDBr; 42.15 0.08 0.4 3.5
114 0.09 0.4 1.1

These results join those of a growing number of studies
addressing OLHP electron phonon coupling, whose findings
have yet to converge in terms of frequencies, coupling
strengths, and mode dynamics. The interest in this aspect of
OLHP photophysics stems from the realization that despite the
predominant involvement of the inorganic framework in
defining their electronic structure, carrier mobilities fall midway
between those observed in conventional inorganic semi-
conductors and in organic conductors. Other underdamped
modes likewise revealed through impulsive spectroscopy vary in
frequency from tens to several hundred wavenumbers, while
frequency domain spectroscopies highlight modes in the 10—50
cm™' range which are predominantly overdamped at room
temperature.”” Full comprehension of the role played by all
these vibrations in any particular photophysical attribute of
OLHP films will require consolidation of these find-
ings.”*****%% Toward establishing such consolidation it is of
utmost importance that all empirical findings concerning
frequencies and coupling strengths of active modes be reported
in the literature. Nonetheless, assuming the moderate charge
mobilities in OLHPs has been correctly assigned to
intermediate electron phonon coupling, the modes reported
here would appear not to be responsible for this effect.

Bl CONCLUSION

High signal-to-noise pump—probe measurements with sub-10
fs pulses were performed to uncover early stages of carrier
dynamics and electron-optic phonon coupling in lead halide
perovskite films. Immediately after photoexcitation, localized
hot excitons are generated which exhibit a sharp red-shift of the
excitonic peak in the TA spectra. These localized hot excitons
then dissociate to free carriers with a time scale ~20 fs followed
by thermalization which is complete within 100 fs as evidenced
in band integrals and global kinetic analysis. Later, hot carriers
cool to lattice temperature through scattering with optic
phonons within 0.5 ps. The charge carriers also couple to the
optic phonons which result in spectral modulations surround-
ing the band edge in both the materials. Fourier analysis of
these modulations shows active phonons with frequency ~ 100
cm™" related to stretching modes of Pb-halide moieties and in
the 250—350 cm™' range previously assigned to torsional
motion of the methylammonium cation. The amplitudes of
these modulations allowed estimates for the underlying
electron phonon coupling strengths showing all to be well
within the weak regime and compatible for large polaron
formation in these materials, and thus probably not responsible
to the moderate carrier mobilities in these materials.
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