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Light-induced picosecond rotational disordering of the
inorganic sublattice in hybrid perovskites
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Femtosecond resolution electron scattering techniques are applied to resolve the first atomic-scale steps
following absorption of a photon in the prototypical hybrid perovskite methylammonium lead iodide.
Following above-gap photoexcitation, we directly resolve the transfer of energy from hot carriers to the lattice
by recording changes in the mean square atomic displacements on 10-ps time scales. Measurements of the
time-dependent pair distribution function show an unexpected broadening of the iodine-iodine correlation
function while preserving the Pb-I distance. This indicates the formation of a rotationally disordered halide
octahedral structure developing on picosecond time scales. This work shows the important role of light-induced
structural deformations within the inorganic sublattice in elucidating the unique optoelectronic functionality
exhibited by hybrid perovskites and provides new understanding of hot carrier—Ilattice interactions, which fun-
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damentally determine solar cell efficiencies.

INTRODUCTION

As a new prototype material for next-generation high-efficiency and
low-cost thin-film solar cells, methylammonium lead iodide (MAPbI;)
has become a “super star” in the solar cell community since 2010 (1-4).
Although perovskite solar cell efficiencies have climbed above the 20%
mark (5, 6), the fundamental working mechanism responsible for
these efficiencies and the associated long carrier lifetimes is not under-
stood (7, 8). MAPDbI; has an organic-inorganic hybrid structure, where
Pbl; -based octahedra compose the fundamental building blocks and
MA" cations fill the interstices (Fig. 1). Recent studies probing the
unique aspects of charge carrier generation and transport exhibited
by these materials have focused on the roles of (i) dynamic structural
fluctuations, associated with ultrafast changes in local band structure
and centrosymmetry, in facilitating charge separation and hindering
recombination (9-13) and (ii) the motion of organic cations in
screening and protecting carriers from trapping and recombination
(14-19).

Until now, most of the photophysical studies have been based on
optical measurements, which probe dipole-allowed electronic transi-
tions with high time resolution but only indirectly probe the nuclear
response. Static x-ray and transmission electron microscopy (TEM)
studies have been reported (20-23) but compete with fast sample deg-
radation (24, 25). Time-resolved neutron-scattering experiments pro-
vide specific information on the organic dipole orientation based on
spin magnetic interactions (26). Compared to x-ray and neutron
scattering, electrons interact with nuclei more strongly and thus facil-
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itate the detection of relatively weak diffuse scattering, from which
information about unit cell deformations may be extracted (27-29).
Here, we report the first direct real-time measurement of the dynam-
ical structural processes that follow absorption of above-gap photons
in MAPbI; perovskite thin films using megaelectron volt ultrafast elec-
tron diffraction (UED). With this technique, we visualize the lattice
response associated with the hot carrier-lattice thermalization process,
one of the key energy loss channels that determine the efficiency of a
solar cell. Furthermore, analysis of the differential pair distribution
function (PDF), extracted from the dynamical evolution of the diffrac-
tion spectra, reveals that the dominant atomic motion in the inorganic
lattice occurs within the iodine octahedra, as manifested in a large-
amplitude light-induced broadening of the I-I correlation function on
picosecond time scales. Meanwhile, the Pb-I distances are preserved
within the signal-to-noise ratio of our measurement. Our observation
therefore indicates that above-gap photoexcitation induces significant
rotational sublattice disorder of the iodine octahedra, associated with
changes of the I-Pb-I bond angles.

RESULTS AND DISCUSSION
The UED experimental setup is illustrated in Fig. 1, and a typical static
diffraction image from MAPDI; thin film is shown in the inset. The
diffraction pattern is composed of a series of concentric rings asso-
ciated with an ensemble of crystalline grains (~50 to 100 nm in size)
with random orientation. After azimuthal integration, a plot of dif-
fracted intensity I versus Q (where Qg = ;T’l‘d is the momentum trans-
fer of the scattered electron) is acquired. The indices of the diffraction
peaks are listed in table S1, and the measured diffraction spectrum is
overlaid with the simulated electron diffraction spectrum in fig. SI.
Our experimental Q resolution of =0.17 A™! (determined from mea-
surements on single-crystal gold) is not high enough to resolve all ad-
jacent peaks. We denote the peaks as nos. 1 to 8 for convenience in the
following discussion.

To study the carrier-lattice interaction, we first pumped the perovskite
thin film with above-gap 400-nm photons and recorded diffraction
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Fig. 1. Radial diffraction intensity plot as a function of scattering vector Q. Center inset: Atomic-scale structure of MAPbI; with tetragonal phase and /4cm space
group (dark green spheres denote | and red spheres denote Pb). Right inset: Schematic of femtosecond transmission electron diffraction setup with optical pump and
electron probe, showing also the recorded two-dimensional diffraction image of the MAPbI; perovskite thin film. a.u., arbitrary units; EMCCD, electron-multiplying

charge-coupled device.

images for different time delays between a pump and a probe. Snapshots
of the time-resolved peak intensities and differential scattering dynam-
ics are plotted in Figs. 2A and 3 (inset), respectively. After photoexcita-
tion with a 400-nm pump, we observed two clear effects: (i) The relative
intensities of all Bragg peaks decrease and (ii) the scattering in regions in
between the main Bragg peaks increases. As shown in Fig. 2A, the rel-
ative intensity drop has a clear Q dependence: Higher-order peaks
show larger decreases. Figure 2C shows that the logarithm of the inten-
sity modulation for a particular Bragg peak depends nearly linearly on
the corresponding Q” for this Bragg peak; that is, it follows a Debye-
Waller-like dependence: I(Q,t)exp(—1Q*(ufy(t))), where
<“%{Ms(t)> is the time-dependent mean square displacement of the
atoms [RMS (root mean square)] (30, 31). The peak intensity decay
is correlated with the rise of the lattice temperature (for small changes
in diffraction intensity), with a measured time constant of 10 + 1 ps under
an excitation fluence of 66 wJ/cm? corresponding to an estimated carrier
density of 2.3 x 10 cm ™ (see the Supplementary Materials). Photoexcita-
tion at 400 nm generates electrons and holes that first equilibrate at an
elevated carrier temperature T, within hundreds of femtoseconds through
carrier-carrier scattering before relaxing to the band edge via carrier-
phonon scattering and transferring their excess electronic energy to the
lattice (32, 33). Thus, the dynamics of the peak intensity decay track the
hot-carrier cooling time scale (31). After =10 ps, both the carriers and
the lattice reach an equilibrium, and no further thermalization is observed
(figs. S2D and S3). From the Q-dependent Bragg peak intensity drop,
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displacements under the assumption of isotropic disorder (31). Maximum
observed RMS displacements are ~0.1 A for temperature jumps of ~8 K
(see the Supplementary Materials), showing that weak photoexcitation
induces large structural deformations. From a Debye model, we estimate
an effective Debye temperature 6p, =~ 60 K (table S2), comparable with
both experimental values from heat capacity measurements (20) and
theoretical calculations (34). To further validate the correspondence

one may extract the photoinduced change in the RMS (
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between changes in the RMS displacements and lattice temperature, we
performed classical molecular dynamics (MD) simulations (see Materials
and Methods). Figure 2D shows that the experimental RMS displacement
changes agree well with the results extracted from the force field MD
simulations.

To explore explicitly how the band-edge carriers interact with the
lattice, we tuned the pump wavelength to 700 nm, close to the band
gap of 760 nm. Contrary to the effects observed under 400-nm exci-
tation, we only observed <1% Bragg peak intensity changes even at the
highest fluence measured of order 4.3 x 10'°/cm?, just below the dam-
age threshold (=230 w/em?) and corresponding to similar carrier
densities as measured under 400-nm excitation. This indicates that
cold carrier—-defect scattering in perovskites leads to negligible lattice
heating, which is consistent with reported transport measurements
and shows that the dominant heating response comes from hot
carrier/phonon coupling (16, 35, 36).

Analysis based on the Bragg peaks effectively averages over all
atoms, with dominant contributions from the Pb and I atoms. More
information on the pump-induced structural changes can be obtained
by analyzing the scattering in between the main Bragg peaks (29, 37).
Figure 3 shows that the loss of Bragg peak diffraction intensity leads to
a gain in the intensity between peaks. The dynamics of the scattering
averaged over different Q regions are plotted in the inset of Fig. 3,
showing that low-Q scattering (Q; = 2.1 to 2.6 A'and Q,=3.8to
4.1 A™) rises more slowly than higher-Q scattering (Q; =5.1t0 5.3 Atand
Q4 =6.11t06.8 A™) in contrast to the Bragg peak dynamics (which show
similar time evolution for all peaks; figs. S5 and S6 and table S3). To
check whether thermal effects and/or heating across the known
tetragonal-to-cubic phase transition (typically occurring at temperatures
significantly higher than that induced here) are playing a role in the ob-
served effects, we carried out temperature-dependent x-ray scattering
studies of crystalline powders of MAPbI;, as described in the Supple-
mentary Materials. These measurements show effects consistent with
previous studies (38-40) but not consistent with the differential changes
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Fig. 2. Time-dependent changes in Bragg peak intensities and associated RMS displacements. (A) Peak intensity dynamics for different diffraction peaks showing
Q-dependent peak intensity decay with similar time constants. Excitation is at 400 nm and corresponding to a carrier density of 2.3 x 10'%/cm?. The solid curves are global fits.
Global fitting results for other peaks are plotted in fig. S7. (B) Comparison of peak no. 7 decay between 400- and 700-nm pump with similar photoinduced carrier density. (C) Semilog
plot of intensity change (signal averaged over a delay range of 40 to 75 ps) as a function of the squared scattering factor (Q) for different excitation densities, showing a Debye-
Waller-like response corresponding to an increase in the RMS displacements of the atoms. The solid lines are linear fits with y intercept forced to 0. (D) Comparison between
experimental and theoretical RMS (, / <u§M5> in angstroms) displacements at different temperatures (AT is referenced to room temperature).
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Fig. 3. Static and differential radial diffraction spectra at different time delays. Differential radial diffraction spectrum at t =5 and 70 ps with a photoexcited carrier density of
2.3 % 10"/cm?. Inset: Time evolution of scattering integrated over four different Q ranges: Q; = (2.1t0 2.6 A™"), Q, = (3.8t04.1A™"),Q;=(5.1t053A™"),and Q; = (6.1 to 6.8 A™"). The
solid curves are single exponential fits to each Q range with time constants of 20 (+2) ps, 25 (+5) ps, 9 (+3) ps, and 11 (+7) ps from low Q to high Q, respectively.
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shown in Fig. 3. This indicates that additional optically induced struc-
tural deformations other than pure thermal effects are occurring, which
is discussed further below.

From a Fourier transform of the differential diffraction spectrum,
one may extract the pump-induced change in the PDF, reflecting
changes in local correlations at the atomic scale (for details, see the Sup-
plementary Materials). Static PDF analysis on MAPbI; based on x-ray
scattering studies has been reported, showing peaks at 7 ~ 3.2 A and r =~
4.6 A, corresponding to the nearest-neighbor Pb-I and I-I pairs, respec-
tively (22). The pump-induced changes in the PDF at different time de-
lays are plotted in Fig. 4. A clear negative feature at r ~ 4.6 A, the
nearest-neighbor I-I distance, along with two positive features on either
side, is observed. This is an indication of I-I PDF peak broadening,
occurring a result of variations in the distance between nearest-neighbor
iodine ions which make up the octahedron around each Pb atom. In
contrast, no differential PDF signal is observed at r = 3.2 A, the nearest
Pb-I distance. Together, these observations indicate a rotational disor-
dering of the I atoms on a spherical surface around the Pb center within
each Pblg*~ octahedron. From the peak magnitude of the change in the

PDF, we estimate a light-induced broadening of the I-I correlation
function by ~0.1 A (see the Supplementary Materials), an amount com-
parable to its initial intrinsic width and consistent with the magnitudes
estimated from the simple Debye-Waller analysis.

In MAPbI;, we find that the time scale for the change in the PDF
(27 + 8 ps) is significantly slower than the Bragg peak intensity drop
(10 + 1 ps) for a carrier density of 2.3 x 10'/cm’. Additionally, this
time constant is observed to be excitation intensity—dependent, with
faster effects observed for higher carrier density (inset of Fig. 4A).
These discrepancies in rates, along with the observed deviations from
simple Debye-Waller-like responses at low Q, suggest that the origin
of the observed rotational disordering is not merely due to thermally
activated processes. Further support for this statement comes from
our MD simulations. The equilibrium change in PDF, AG, calculated
from MD trajectories at 300 and 325 K, shows that pure isotropic
thermal fluctuations are unlikely to cause this large selective broaden-
ing of the I-I PDF peak (Fig. 4B). The MD calculations, in contrast,
show similar broadening of both Pb-I and I-I peaks and predict
changes in the I-I PDF peak significantly smaller than observed

S
[$)]
(o]

A L T
0.10F — -20ps
— 5ps
— 70 ps
0.05F — Simulation
— 0.00
<
9 -005 °2.3x10"%/cm’
0.00p=4sk - 19, 3
©45x%x10 "/em
£-0.04
-0.10 -(<5]> —0.08
-0.12 —
~0.15}+ . L . . .
-20 O 20 40 60
Time delay (ps)
Il L 1 n L n
2 3
B T T
Pb-/
0.01
_. 0.00p—m----
<
Q
< -0.01
-0.02
0| S

— AG (AT = 25K)
-- G (T =300K)
1.2

0.8

(Vo

0.4

{*erecpoomace. 40.0

r(A)
Fig. 4. Comparison between experimental and calculated differential PDF. (A) Differential PDF at different delay times with a carrier density of 4.5 x 10'%/cm®. The black
curve in the main panel is the calculated difference PDF from MD simulations equilibrated at temperatures 300 and 325 K (AT = 25 K), with additional fluctuations of iodine atoms
0.1 Ain magnitude, to simulate the photoactivation (see text for details). Left inset shows the time-dependent PDF dynamics at r = 4.6 (+0.1) A corresponding to the |-l atomic
distance under two excitation densities, as noted in the figure. The solid curves in the left inset are single exponential fits. Right inset is an illustration of the proposed | rotational
disorder in one Pblg octahedron. (B) Calculated PDF (solid line) at room temperature (300 K; left axis) and calculated difference PDF (dashed line) from MD simulations equilibrated
at temperatures 300 and 325 K, without additional fluctuations, corresponding to pure thermal activation.
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experimentally. Similar results were obtained for MD simulation
temperatures up to 400 K (fig. S9). We estimate the additional fluc-
tuation required to explain the experimental results by adding post
hoc random displacements to our MD trajectories and calculating
the resulting PDFs. We add independent normally distributed dis-
placements of magnitude 0.1 A to iodine atoms in directions perpen-
dicular to Pb-I bonds and find good agreement with experimental
PDF in both the shape and the amplitude (Fig. 4A). The 0.1 A I dis-
placement also agrees with the broadening of the I-I correlation
function estimated above from the experimental PDF analysis. This
implies that light preferentially excites volume-preserving distor-
tions of I cages (deviations of the I-Pb-I bond angle) around the
Pb center in each Pblg*~ octahedron. Additional contributions may
come from tilting of adjacent octahedra. From the magnitude of
the experimentally or theoretically estimated displacements, this
corresponds to an angular deviation of a few degrees, comparable
to that estimated theoretically by Motta et al. (1I). We carried out
similar time-resolved PDF analysis on gold polycrystalline films,
which exhibit a simple homogeneous lattice heating response upon
photoexcitation, and observed isotropic broadening responses at all
nearest-neighbor distances, confirming the validity of our PDF anal-
ysis (fig. S10).

CONCLUSION

We conclude by briefly discussing the significance of and the physical
mechanisms for the observed changes in the PDF. Recent studies have
emphasized the role of structural fluctuations in reducing effective bi-
molecular recombination constants in the hybrid perovskites, typically
in reference to the freely reorienting organic dipoles (MA™) and their
coupling to the inorganic lattice (11, 19). Our work shows that one
should consider not only the organic molecules but also the contribu-
tion from the inorganic lattice and, in particular, the structural deforma-
tions induced by absorption of a photon. Indeed, the I-I correlation
peak broadens by an amount comparable to its intrinsic width (under
excitation conditions corresponding to temperature jumps of <10 K).
Considering that these distortions are localized within each octahedron
and our UED experiment averages over all unit cells in the sample, the
extracted I-I broadening is likely an underestimate of the local motions
near an excited carrier.

The MD simulations demonstrate that equilibrium thermal activa-
tion cannot explain the observed distortion. From the fact that no clear
Pb-I correlation change was observed even after ~200 ps (fig. S11), we
further conclude that the observed effect is not due to nonequilibrated
thermal excitation (for example, preferential excitation of I before even-
tually coupling to Pb). This indicates that the distortions of the I ions
likely arise from electronic excitation and are frozen within the I sub-
lattice. A light-induced hydrogen bond-breaking mechanism between
MA" and I" has recently been hypothesized with respect to photo-
enhanced lattice expansion, H migration via the Bourgoin-Corbett mech-
anism, and ferroelectric response in the hybrid perovskites (14, 41-43).
The observation that the I-sublattice distortion stabilizes faster under
higher pump fluence (inset of Fig. 4A) and only occurs under above-
gap excitation is consistent with the presence of an activation barrier for
the distortion, where higher carrier temperatures help to overcome the
barrier faster. The observed dominant motion of the iodine is also
consistent with previous predictions that I" ions have the smallest
hopping barriers among the intrinsic defect species and that ionic
transport processes may be light-enhanced (44-46), but we emphasize
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that, on the short times probed here, all observed effects are reversible at
the 180-Hz repetition rate of the experiment and do not lead to full ionic
hops. Future studies under lower excitation density (closer to 1-sun
illumination) that probe the observed short-time ionic displacements
and their dependence on sample morphology may help to explain
morphology-dependent device performance. Finally, this light-enhanced
local disorder provides a source for the structural reorganizations that
underlie light-induced changes in dielectric constant (19, 47) and the
dynamical symmetry breaking required for proposed Rashba effects
and other photoinduced changes in band structure (9, 11, 13). From
these perspectives, although structural fluctuations may facilitate charge
separation and ion transport, these also depend on the carrier genera-
tion process, which further softens the lattice and makes it even more
vulnerable to deformation.

MATERIALS AND METHODS

Ultrafast electron diffraction

The UED experimental setup is illustrated in Fig. 1 and is similar to that
reported elsewhere (31, 37, 48). The output of a multipass-amplified
Ti:sapphire laser was split into two paths: one doubled to 400 nm as the
pump and the other tripled for the electron pulse generation. Alterna-
tively, for 700-nm pump excitation, the pump beam was first frequency-
converted using an optical parameter amplifier. The electron pulses
were accelerated to 3.7 MeV with 300-fs [full width at half maximum
(FWHM), estimated by N-body simulation for ~120 fC per pulse] du-
ration in the SLAC UED facility (47). Electron pulses were focused onto
the MAPDI; films at normal incidence with a ~300-um diameter, and
the diffracted electrons were detected by a red phosphor screen and
captured using an electron-multiplying charge-coupled device. The
pump beam with 40-fs (FWHM) duration was spatially overlapped
with the electron beam on the sample with an incident angle of ~3’
and a diameter of ~400 pm. The pump beam and the electron probe
beam were phase-locked and synchronized at 180 Hz. The delay be-
tween the pump and probe pulses was controlled by a translational
stage. All data discussed above were taken on fresh samples without ob-
servable sample degradation. At the highest fluence investigated and
after several hours of photoexcitation, some evidence for degradation
and production of Pbl, (fig. S15, peak 4 of Pbl,) was observed, which
was used as a monitor of the sample stability.

MD simulations

Classical MD simulations were performed on an 8 x 8 x 8 pseudocubic
supercell of MAPbI; (6144 atoms, one formula unit in each pseudo-
cubic unit cell) with the LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) code (49). We used the force field de-
veloped by Mattoni et al. (50), which was shown to provide an accu-
rate description of temperature-dependent lattice expansion and
orthorhombic-to-tetragonal phase sequences of MAPbI;. The good
agreement between simulations and experiments, as shown in Fig.
2D, on the changes in RMS displacements at different temperatures,
along with the agreement of the calculated bond lengths, RMS dis-
placements (table S5), and Pb-I and I-I PDF peak widths (Fig. 4B)
with literature values (22, 51), further confirmed the validity of the
MD simulations. Starting from 300 K, we increased the simulation
temperature in 5-K steps to mimic experimental temperature jumps
using a Nosé-Hoover thermostat. At each temperature, we first equili-
brated the system using an NPT (isothermal-isobaric) ensemble and
~500-ps simulation time and then performed a 20-ps NVT (canonical)
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production run to extract the structural data; the time step in all cases
was set to 0.5 fs.

Perovskite thin-film growth

Thin films of lead halide perovskite (~40 nm) were prepared by
thermal evaporation of methylammonium iodide (MAI) and PbCl,
in high vacuum (base pressure <10~> Pa). The materials were codepos-
ited onto a TEM grid supported by a 20-nm carbon film. The partial
pressure of MAT was maintained at ~2 x 10> Pa during evaporation.
The substrate was at room temperature during growth, and each
sample was postannealed in MAI atmosphere at 370 K for 15 min.
The deposition rate of PbCl, was ~0.5 nm/min, as monitored by a
quartz crystal microbalance (I). Pbl, thin films were spin-coated on
50-nm SiN windows. Each diffraction image frame was accumulated
over 540 electron pulses (3 s), and at each pump-probe time delay,
three image frames were taken. In addition to the time-resolved dif-
fraction images taken with pump and probe pulses at a certain given
time delay, we also recorded the static diffraction images at each delay
position without pump irradiation, which was used as a reference for
sample damage.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/7/e1602388/DC1

Supplementary Text

fig. S1. Overlay of simulated electron scattering pattern and the measured diffraction pattern.
fig. S2. Transient absorption data and analysis for MAPbls.

fig. S3. Long-time dynamics for high-order Bragg peaks of perovskite thin films for two
photoexcited carrier densities.

fig. S4. Scanning electron microscopy images of thermally evaporated perovskite thin films on
TEM grids, showing an averaged grain size of about 50 to 100 nm.

fig. S5. Pump fluence dependence of Bragg peak 1 to 4 (markers) intensity decay and single
exponential fits (gray lines) to peaks 3 and 4.

fig. S6. Pump fluence dependence of Bragg peak 5 to 8 (markers) intensity decay and single
exponential fits (gray lines) to each peak.

fig. S7. Global fitting of time-dependent intensity for peaks not shown in Fig. 2.

fig. S8. Gaussian fit peak center change as function of pump-probe time delay for two
photoexcited carrier densities.

fig. S9. Calculated PDF difference between MD simulation temperatures T= 400 K and T =
375 K.

fig. S10. Differential PDF plots of gold polycrystalline thin film at different time delays.

fig. S11. Differential PDF plots at long-time delays under excitation at 400 nm with a carrier
density of 2.3 x 10"%/cm?>.

fig. S12. Differential PDF plots at different time delays under excitation at 400 nm with a carrier
density of 4.5 x 10"%/cm?>.

fig. S13. Differential PDF plots at different time delays under excitation at 400 nm with a carrier
density of 2.3 x 10'%/cm?.

fig. S14. Differential PDF plots at different time delays under excitation at 400 nm with a carrier
density of 1.4 x 10"%/cm>,

fig. S15. Comparison between electron diffraction on MAPbI; and Pbl, thin films.

fig. S16. Absorption spectra of MAPDbI3 and Pbly; Pbl, time-resolved diffraction response.

fig. S17. Differential PDF plots of Pbl, thin films at different time delays.

fig. $18. Temperature-dependent x-ray diffraction scans across the tetragonal-cubic phase
transition in MAPbI; (measured from crystalline powders).

fig. S19. Zoom-in evolution of diffraction peaks across the tetragonal-cubic phase transition.
fig. S20. Intensity of (211) reflection as a function of temperature showing gradual decrease in
intensity during the tetragonal-cubic transition.

fig. S21. Normalized changes in area for selected diffraction peaks shown in fig. $18 as a function of
temperature.

table S1. Index of diffraction peaks.

table S2. Summary of carrier density, AT, mean square displacement, and Debye temperature.
table S3. Summary of decay time constants in picoseconds from single exponential fits of
individual peaks under different pump fluences.

table S4. Gaussian fit peak centers for eight peaks.

table S5. Calculated atomic RMS in angstroms at different temperatures.
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