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Understanding the initial ultrafast excited state dynamics of methylammonium lead iodide (MAPI)
perovskite is of vital importance to enable its fullest utilisation in optoelectronic devices and the
design of improved materials. Here we have combined advanced measurements of the ultrafast
photoluminescence from MAPI films up to 0.6 eV above the relaxed excited state with cutting-edge
advanced non-adiabatic quantum dynamics simulations, to provide a powerful unique insight into

the earliest time behaviour in MAPI. Our joint experimental-theoretical approach highlights that the
cooling of holes from deep in the valence band to the valence band edge is fast, occurring on a 100-
500fs timescale. Cooling of electrons from high in the conduction band to the conduction band edge,
however, is much slower, on the order of 1-10 ps. Density of states calculations indicate that excited
states with holes deep in the valence band are greatly favoured upon photoexcitation, and this matches
well with the fast (100-500fs) formation time for the relaxed excited state observed in our ultrafast PL
measurements. Consequently we are able to provide a complete observation of the initial excited state
evolution in this important prototypical material.

Methylammonium lead iodide (MAPI) perovskites and chemical analogues have seen a tremendous degree of
interest, initially for use in photovoltaic cells'~®, and more recently also for light emitting diodes'® and lasers!»'2,
The key advantage of MAPI perovsKkite is the hybrid nature of the material, combining the benefits of conven-
tional inorganic semiconductors such as high charge mobilities'® and small exciton binding energies', with
cost-effective solution-based deposition techniques developed for organic semiconductors'. While great devel-
opments have been reported in both the efficiencies of the various devices fabricated using MAPI'® and under-
standing of the underlying physics of the material'’, significant questions remain outstanding. Key amongst these
questions is what the exact nature of the initially accessed photogenerated electronic states in MAPI are, how the
system relaxes to the lowest excited state, and what controls the relaxation process.

Upon absorption of a photon in MAP], free electron-hole pairs are formed!’-*’. Recombination of these pairs
can be observed with time-resolved photoluminescence measurements, deducing recombination pathways and
rates on slow nanosecond timescales as the excited state depopulates back to the ground state. The very initial
femtosecond processes in MAPI upon absorption of a photon have most often been measured with ultrafast
transient absorption, where monitoring in the spectral region of the ground state bleach gives information on the
evolution to the final excited state. Xing et al. followed the evolution of the photobleaching signals at 480 nm and
at 760 nm for a MAPI-film in contact with a selective hole- or electron-layer, observing a strikingly asymmetric
behaviour for holes and electrons?!. An excitation dependence is reported such that if MAPI is excited at 400 nm
a 400 fs rise is observed, assigned to hole relaxation from the second to first valence band (dual-valence model),
while if the interband transition is excited directly from the first valence band with 600 nm excitation then no
rise-time is seen. A consistent but slightly different model was proposed in another study?* where charge cooling
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takes place on a 700 fs timescale, and was assigned to both electron and hole cooling. Recently Richter et al. used
two-dimensional photon echo experiments - a significantly more complex pump-probe-like methodology-to
study carrier thermalization in MAPI, and find it to be in the region of 10-85 fs, dependent upon the excess
energy of the carriers?®. Meanwhile Ghosh et al. used very high time resolution pump-probe to study the earliest
processes in MAPI, and find that initially created hot excitons dissociate in ~20 fs, followed by carrier thermali-
zation on the 100 fs timescale®. It is clear that the ability to probe the relaxation of both charges and distinguish
them is crucial to aid understanding of the fundamental processes in MAPI. The central question is: what is the
nature of the ultrafast relaxation in this material? Are electrons promoted from the valence band (VB) edge to
high in the conduction band (CB) before relaxing, or are they promoted from deep in the VB to the CB edge and
holes “cool” to the VB edge? Crucially, as transient absorption measurements involve tracking the ground state
bleach or excited state absorption bands that can shift or evolve as the excited state evolves, the ability to track the
relaxation process is somewhat hampered by spectral complexity making definitive tracking of the excited state
evolution fo the final state challenging.

Observations of ultrafast photoluminescence (PL), by contrast, can greatly aid in understanding of this
difficult but important problem. By measuring the ultrafast PL at different detection energies we can in effect
directly monitor the excited state population at different stages in its evolution, thus a detailed picture can readily
and unambiguously be constructed, from the species created upon absorption of a photon through to the final
long-lived relaxed emissive state. Limited single wavelength ultrafast PL experiments in MAPI have enabled the
observation of excited state relaxation times similar to those found in transient absorption to be measured**,
with time constants of ~200-500 fs. However, only narrow conclusions were able to be drawn on what processes
controlled this relaxation, with assignment given to equal rates of cooling of electrons to the conduction band
edge and holes to the valence band edge.

Here we are able to answer the pressing question of what controls the initial relaxation in MAPI perovskite
by combining a detailed and comprehensive set of observations of the ultrafast photoluminescence with an
advanced theoretical treatment of the excited states using non-adiabatic quantum dynamics simulations. As men-
tioned above, non-relaxed excited states in MAPI can either be from within the valence band to the conduction
band edge, generating hot holes, from the VB edge to higher in the CB, generating hot electrons, or a combination
of both. Our PL measurements provide accurate estimations of PL rise-times at various wavelengths, enabling us
to track quantitatively the photogenerated carrier dynamics. The measured PL rise-times indicate a fast relaxa-
tion of photogenerated carriers at high energy, within 100-500 fs, followed by a slower relaxation when carriers
get close to the band edges, on the order of 1-10 ps. Non-adiabatic quantum dynamics simulations match the
observed rise-times and enable us to assign the initial fast component of the charge relaxation to cooling of holes
within the valence band and the subsequent slower component to the relaxation of the electrons within the con-
duction band. We find that the electron density of states strongly favours optical transitions from deeper inside
the valence band to the conduction band edge, leading primarily to the generation of hot holes, and thus the over-
all relaxation is dominated by hot hole cooling on the 100-500 fs time range. A small amount of electron cooling
to the conduction band edge also contributes, and is consistent with the significant slowing of the relaxation rate
that is observed as one approaches the final lowest excited state energy, where cooling slows to ~700 fs. Overall
our combined experiment-theory approach enables important new insights into the fundamental ultrafast relax-
ation in MAPI to be determined.

Results

Ultrafast photoluminescence. To begin our examination of the excited state processes in MAPI we look
at the time-resolved photoluminescence from a thin film of the material deposited on a fused silica substrate. The
steady state absorption and PL spectra of MAPI are shown in Fig. 1a along with its unit cell. MAPI perovskite
shows a bandgap at 1.6eV (775 nm), with the PL peak at 1.57 eV (790 nm). Shoulders in the absorption spectrum
are evident at 680, 620 and 575 nm, possibly associated with higher energy transitions between the valence and
conduction band. Steady state PL is attributed to long-lived charge recombination'’, however the nature of any
ultrafast PL is less well understood.

Ultrafast PL from MAPI films was investigated with upconversion spectroscopy. Excitation was at 2.41 eV
(~0.85¢eV above the PL peak), with no power dependence observed in kinetics over a factor of two of excitation
fluence (see Supporting Information). An overall picture of the spectral dependence of the time-resolved PL
decays is shown in Fig. 1b, where PL kinetics from energies well above the steady state PL peak, a little above the
peak, and on the peak are shown out to ~5 ps. As expected, PL detected at energies above the steady state PL decay
quickly as the system relaxes to the bottom of the excited state, while PL from within the steady state region decays
very slowly (in the context of the time window chosen here) through radiative recombination of charge pairs back
to the ground state. Noticeable in these selected time traces is that the initial formation time of PL changes as a
function of the detection energy. To investigate this more carefully the rise-time region of three further energies
are shown in Fig. 1c—e. It is clear that in all cases, even at a detection energy as high as 2.06 eV (600 nm), there is
a delay in the formation of the PL versus what one would expect given the temporal response of the experiment.
This is evidenced by the fact that the slope of the PL formation is shallower than the dotted line representing the
instrument response function. The PL kinetics we would expect to measure on the instrument if the emission was
instantaneous is shown in SI - indicating that the observed PL formation is demonstrably slower. Here, 350 meV
of excess energy has been deposited in the perovskite, and it takes a rise-time constant of ~120fs for the excited
state to dissipate this energy and to reach the energy detection window. When one moves to detecting emission
on the PL peak at 1.57eV (790 nm, Fig. 1e) then the effect is even clearer, where 840 meV of excess energy takes
a rise-time constant of 650 fs to dissipate. This is understandable in the context of relaxation of the excited state,
where an effective delay time will exist at lower energy relaxed sites before the excited state reaches them. To
fully quantify this effect, we have measured the PL rise-times at 20 different energies from 2.18 to 1.51 eV (570
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Figure 1. Ultrafast experimental results. (a) Absorption (blue line), PL (red line) spectra of methylammonium
lead iodide films. The purple arrow indicates the excitation wavelength used in these studies. The black line is
the theoretically calculated absorption spectrum (vide infra). The crystal structure is shown in the inset. (b) PL
dynamics measured in the range 0-5 ps at three detection energies as noted. Measuring well above the bandgap
leads to a fast decay, on the edge of the steady state PL a slower decay, while on the PL peak a decay so slow as to
be outside the time window used here. (c—e) Ultrafast PL kinetics of a MAPI film in the 0-1500 fs time range at
three detection energies of 2.06eV (c), 1.77¢eV (d) and 1.57 eV (e). The instrument response function is shown
as a dotted line in each case. The solid lines represent the best-fit to the dynamics with rise-times of 120, 330 and
655 fs for each detection energy, along with subsequent fast decays as appropriate. (f) Fitted PL rise-times (open
diamonds, left axis) as a function of detection energy. Also shown are the steady state absorption and PL spectra
for reference (solid lines, right axis). The purple squares are rise-times derived from theoretical calculations
(vide infra) and show very good agreement with experimental values. The coloured vertical arrows refer to the
detection energies/rise-times shown in panels (c-e).

to 820 nm in 10 nm steps). Each of these traces are fitted with an exponential rise-time constant convolved with
the instrument response function and rounded to the nearest 5fs, to enable a quantifiable parameter of the PL
kinetics to be monitored as a function of detection energy/excess energy above the relaxed excited state. All these
rise-time constants are plotted in Fig. 1f along with the absorption and PL spectra for reference, the fits at each
individual energy are shown in SI for reference. A continual increase in the rise-time is recorded as one moves
down in energy towards the steady-state PL, in line with the larger amount of energy that must be dissipated.
However, the increase is not linear, and instead shows a relatively shallow gradient throughout the lower-energy
part of the absorption spectrum, with a significant slowing at and beyond the absorption edge bandgap ~1.6eV.

The measured ultrafast photoluminescence rise-times give us a powerful insight into the electronic relaxation
processes occurring at the very earliest times in MAPI. It is clear from these results that such relaxations are not
trivial, and are instead controlled by dissipation mechanisms within the MAPI band structure. Such a meas-
urable relaxation contrasts with other systems, e.g. organic conjugated materials where a nearly instantaneous
dissipation through high frequency vibrational modes enables the system to reach close to its final state in tens
of femtoseconds. Here in MAPI even with only ~0.25 eV of excess energy to be dissipated, the excited state takes
~100fs to do so. At the onset of the steady state PL the dissipation of excess energy slows considerably, rising to
~700fs. As noted earlier, the indistinguishability of electron and hole cooling to the band edges makes it difficult
for us to go further in our analysis of the earliest relaxations from experiments alone, thus we have performed a
theoretical investigation of the ultrafast dynamics in MAPI to aid our understanding and interpretation of the
experimental results.

Theoretical simulations. To further our investigations on MAPI we have performed ground-state
Born-Oppenheimer Molecular Dynamics (BOMD) to probe local distortions of the lattice, along with
semi-classical Non-Adiabatic Quantum Dynamics (NAQD) simulations of the energy cooling dynamics in hot
electronic states. For the latter, we resorted to the PYXAID program®”?® which has been successfully used by some
of the authors to study the excited state properties of MAPI*-*2. An initial excited state is defined by promoting
an electron from a Kohn-Sham? single-particle level in the valence band to a Kohn-Sham level in the conduction
band. Subsequently, the decay of the electron/hole couple in the conduction/valence electronic states manifold is
simulated by calculating the non-adiabatic couplings between single particle states and using the fewest-surface
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Figure 2. The total joint Density of States (jJDOS) and jDOS associated to hot electron, intermediate and hot
hole excited states. Shown in the inset is the definition we use here of the electronic excitation in terms of hot
holes and hot electrons.

hopping algorithm to estimate the transition probabilities. The use of the Kohn-Sham single particle set does not
allow electron-hole interactions to be considered. On the other hand, previous studies clearly pointed out the
extremely long lifetime (of the order of tens of ns**) and ineffective recombination of photogenerated carriers,
exceeding the Langevin limit*. Hence, electron-hole interaction is expected to play a negligible role in charge
relaxation on the ultrafast time-scale (1.2 ps of NAQD simulations)?. The Kohn-Sham orbital energies and the
non-adiabatic couplings were computed at the scalar relativistic PBE level of theory®” which is known to predict
the correct band gap for MAPI perovskites**°. Full details of the theoretical methods, packages used and of
the computational set-up adopted are provided in the Computational Methods section. The structural model
employed for the present simulations consists of a 2 x 2 x 1 supercell of the room-temperature tetragonal phase
of the MAPI perovskite, shown in SI, which represents a reasonable compromise between accuracy and compu-
tational cost.

In our theoretical examination we first wanted to establish what the possible and likely initial configurations
of the electronic transitions are. The band gap computed along the BOMD trajectory averages to 1.74eV, in good
agreement with what we observe experimentally in Fig. 1 and with similar simulations in the literature*'-44. The
oscillations of the band gap within a root mean square of 0.05eV also agree with the same literature data. The
initial electronic excited-state configuration for the NAQD simulations must be as close as possible to the PL
experimental conditions. Thus we considered all the Kohn-Sham pairs separated by an energy of ~0.85eV larger
than the fundamental band gap, resulting in 68 pairs of Kohn-Sham states, from a total of 529 electronic configu-
rations (including the ground state) in the present computational set-up. Different scenarios for these transitions
exist, with the absorption of a photon resulting in the promotion of an electron either deep in the valence band to
the conduction band edge (creating a “hot hole”) or from the valence band edge to a level deep in the conduction
band (creating a “hot electron”), as sketched in the inset of Fig. 2. We thus classify all electron-hole pair states in
these terms, with configurations where the excess of excitation energy is comparable between the two bands being
classified as “intermediate”.

In Fig. 2, we report the joint Density of States (jJDOS), describing the number of electron-hole pairs at a
given excitation energy. It can clearly be seen that when absorbing a photon at ~0.85 eV higher than the band
gap, matching the experiments discussed above, there are many “hot-hole” and “intermediate”-like excited states
available, while “hot-electron” states represent only a modest contribution (roughly 8%). This is due to the fact
that MAPI has a denser DOS in the valence than in the conduction band (Fig. 3d), as widely pointed out in the
literature*>*%, which reflects the chemical composition of hybrid perovskite. Indeed, the valence band is mainly
composed of 5p orbitals of the iodide, while the conduction band is mostly lead 6p orbitals, hence resulting in
many more valence than conduction states, because of the 3:1 iodide:lead stoichiometry of this material. To assess
the contributions from hot hole, hot electron and intermediate excitations to the optical absorption, we calculate
and sum their oscillator strengths to generate a theoretical absorption spectrum, as shown in Fig. 1a. Two com-
ments can be made, firstly that the predicted spectrum qualitatively agrees well with that measured, and secondly
that the theoretical spectrum closely follows the jDOS shown in Fig. 2, demonstrating that all excitations share
similar radiative rates.

That we find all transitions contributing a significant dipole moment irrespective of the starting valence and
ending conduction states is intriguing and likely arises from reduced symmetry constraints in the presence of
thermal lattice fluctuations in our 2 x 2 x 1 supercell model.

Having established that the ground to excited state transitions are appropriate for the MAPI system, we now
turn our attention to how the excited state dynamically evolves at the early timescales after photoexcitation with
NAQD simulations. Both “hot-hole”, “intermediate” and “hot-electron” states have been considered as starting
configurations for the NAQD simulations, keeping in mind that in MAPI the photogenerated excited state likely
corresponds to the first two types of configurations. The evolution of the electronic population for excited states
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Figure 3. Results from NAQD simulations. (a-c) Time evolution of the population for excited electronic
configurations over the first 1.2 ps for hot hole, hot electron and the intermediate case at energies corresponding
to the band gap (E,) and at higher energies. The population is given as the sum of the populations of the
electronic configurations at a given energy above E, (within a window of +0.05 eV, except close to the band gap,
where, we considered an energy window of 0.1eV). (d) DOS computed for MAPI along the BOMD trajectory
and partial DOS from 5p orbitals of iodine and 6p orbitals from lead. (e) Non-adiabatic couplings in the energy
representation, averaged along the BOMD trajectory. The valence band edge is set to 0 eV and the couplings
(z-scale) are expressed in meV. (f) Schematic of the observed ultrafast relaxation processes in MAPI, with holes
from deep in the valence band cooling quickly, while electrons from high in the conduction band cool slowly.

at different energies above the band gap (E,) are summarized in Fig. 3a-c. For “hot-hole” configurations (Fig. 3a),
the population of the initial high-energy (0.85eV above E,) excited-state decays to ~5% within 400 fs and it goes
to 0 at 600 fs. Concurrently the population of the excited states at 0.5eV above E, increases, showing a rise-time
of ~160 fs, which compares well with the experimental rise time (120fs), and then it decays. The rise time corre-
sponds to the time required by the initial “hot-hole” configuration to cool down from 0.85eV to 0.5eV above E,.
For states at 0.3, 0.2 eV above Eg and close to Eg, we find rise-times of 230, 345 and 702 fs, respectively, which agree
very well with the experimental values (280, 330 and 650 fs) as shown in Fig. 1c-e. The population of the elec-
tronic states close to the band gap (E,) goes from ~2% at 200fs to ~52% at 800 fs and stabilizes to ~67% at 1200fs,
thus leaving ~33% of the electrons and holes in a higher energy electronic configuration.

For the initial “hot electron” configurations (Fig. 3b), however, a very different time evolution is predicted.
The population of the initial, high-energy excited state decays very slowly in time and it is still considerably
populated (15%) after 1200 fs. Correspondingly, the population of the excited states at 0.5, 0.3, 0.2eV above E,
and close to E, show only a very small increase in time. In particular, after 1200 fs, only 16% of the electrons
and holes have reached the bottom of the conduction and valence band edge, respectively. Hence, in the case of
initial “hot-electron” excited-states, electrons take a very long time to cool down through the conduction band.
We tentatively associate this relaxation time with the measured 10 ps timescale reported by Chen et al.?®. Finally,
for “intermediate” initial excited-states (Fig. 3c), the population of the initial, high-energy excited states rapidly
decays down to 15% of the initial value within the first 400 fs, similar to the “hot-hole” case, but the population of
the states close to the E, is still limited to 18% after 1200 s, similar to the “hot-electron” case. For these electronic
configurations, therefore, the holes rapidly cool to the valence band edge, but the electrons cool much more
slowly from high-energy configurations, thus explaining the small population of the excited states close to E, after
1200fs.
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Summarising, the presented NAQD simulations nicely reproduce the fast excited state dynamics observed in
the PL measurements when starting with “hot-hole” electronic configurations, giving us a strong indication that
this is the process that dominates in films of MAPI. Surprisingly we calculated a strikingly slower electron evo-
lution in the “hot-electron” and “intermediate” cases, indicating that hot electrons cool down much slower than
“hot holes” do. The observed difference in the relaxation times of electrons versus holes provides an explanation
for the transient absorption measurements by Xing that showed distinctive results when a MAPI film was in con-
tact with an electron- (PBCM) or a hole-selective layer®..

We are thus driven to asking the question, what is the reason for the calculated and matching experimen-
tal observations having such a significant electron-hole asymmetry? In the present formalism, the rate of the
electronic transition from state i to state j depends essentially on the non-adiabatic coupling matrix element
(dy), i.e. large non-adiabatic coupling d;;, correspond to a fast i to j electronic transition. In Fig. 3e we report
the energy-dependent non-adiabatic matrix elements averaged along the BOMD trajectory. Firstly, we note that
(as anticipated) the only non-zero coupling values are close to the diagonal, meaning that the non-adiabatic
couplings are large only for Kohn-Sham states close in energy. Secondly, non-adiabatic couplings are larger in
the valence band (with values up to 50 meV) than in the conduction band (~10 meV). Thirdly, there is a clear
correspondence between the DOS and the value of the non-adiabatic coupling, that is, non-adiabatic couplings
are large in the energy range of the maximum of the DOS (~1eV below the valence band and 0.5eV above the
conduction band), while they decrease in correspondence of the band edges where the DOS is small. This is
clearly explained by the fact that a high density of states ensures close energy separation between coupled elec-
tronic states and efficient release of the excess energy to nuclear degrees of freedom, which is reflected in a larger
value of the NA couplings. Thus, the larger non-adiabatic couplings for states within the valence band compared
to the conduction band follow the shape of the corresponding DOS. The conjunction of the larger non-adiabatic
couplings and the higher density of available states lead to holes relaxing faster than electrons and to hot-electrons
relaxing slower close to the band edge. These conclusions allow the two different gradient regimes of rise-times
in the experimental results (Fig. 1f) to be fully understood. It is worth stressing that the present argument, which
correlates fast/slow non radiative recombination to a larger/smaller density of states, represents a different mech-
anism from the proposed “phonon bottleneck’, to explain the slowing of the hot-charge relaxation close to the
band edge*’*%. Recent work has in fact observed a similarly slow hot-charge relaxation, even under low fluence,
where the energy of the hot-carrier is expected to be effectively dissipated by phonons*. We can extend our
analysis to investigating the phonons relevant for the electronic processes, by taking a Fourier transform of the
time-dependent band gap autocorrelation function, as shown in SI. Large components in the frequency region
below 100 cm ™! are calculated, assigned mainly to the vibration of the inorganic framework®; there is also a com-
ponent at 115cm™!, which matches the measured Raman signals found at 109 and at 119 cm™! in thin-films and
mesostructured samples, respectively®!.

Discussion

In this work we have combined ultrafast photoluminescence measurements with Non-Adiabatic Quantum
Dynamics (NAQD) simulations to gain a detailed insight into the initial excited state processes in MAPI per-
ovskites. By observing the femtosecond photoluminescence we are directly measuring the dynamics of the
emissive species photogenerated in the sample, free from any complications of assignment that can make other
techniques such as pump-probe spectroscopy challenging. The experimental results are interpreted on the basis
of NAQD simulations, which follow the time evolution of the initial excited state, allowing us to present an overall
picture of the earliest electronic processes.

Measuring the observed rise-times in the PL allows assessing the processes that control the delay in the excited
state reaching the detection energy. Ultrafast relaxation, from the initial high-energy state populated with laser
excitation to the final relaxed excited state, from which slower radiative and non-radiative decay occurs, can vary
depending upon the system. In organic materials this initial relaxation is very fast, typically <100 fs*, for internal
conversion between electronic states or even for vibrational redistribution amongst high frequency modes®.
Slower picosecond relaxations, typically induced by coupling with low frequency vibrational modes, e.g. tor-
sional rotations, also occur in organic molecules, but generally do so from the already populated lowest electronic
excited state and thus lead to only a small relaxation and spectral evolution®. In direct bandgap inorganic semi-
conductors, instead, relaxation of electrons and holes to the band edge can be considerably slower, in the picosec-
ond time range, and are mediated by lattice phonon modes. Our joint experimental-theoretical study points to a
distinctive behaviour occurring in MAPI perovskite. Ultrafast PL measurements performed for optical excitation
0.85eV above the PL peak indicate relaxation processes in the sub-picosecond time scale, with fast relaxation
when significantly above the relaxed excited state, but slowing considerably when it nears it. Well above the
electronic band gap, the rise-times are of the order of 100-300 fs, while close to the band gap, the rise-times are
longer, in the range of 300-700 fs (Fig. 1f). Given that such dynamics represents the formation time of emissive
states, the general interpretation is that optical absorption generates electron/hole pairs that quickly dissociate
and relax before contributing to non-geminate recombination and photon emission on longer timescales!”. The
theoretical calculations enable us to derive more exacting conclusions from the experimental results, show that
above bandgap light absorption in MAPI likely results in promoting an electron from a deep valence band level
to the conduction band edge (so-called “hot-hole” excited states), and predict rise-times for these “hot hole” like
excitations in very good agreement with our experimental results. Thus, the theoretical calculations support the
view that the PL measurements reported here probe relaxation of hot-holes in the valence band and provide
theoretical support to the dual-valence model*'. Moreover, theoretical simulations also predict that the electron
excitation from the valence band edge to a high-energy conduction band level (a “hot-electron” state) is less likely
and characterized by much longer lifetimes, on the order of ps*. This is also consistent with the long lifetime
(102 ps) for hot-carriers recently reported for CH;NH;PbBr; perovskites®. A recent publication by Madjet et al.,
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appeared during the preparation of this manuscript, also underlying an asymmetric behaviour for electron and
hole relaxation®. However, these authors do not discuss whether the initial photogenerated species corresponds
to “hot-hole” rather than to “hot-electron” like excitation, which is the key result of the present work, and leads
to a fuller understanding of the optoelectronic properties of hybrid perovskites®. The ability to discriminate
between charges in the very earliest time evolution of the MAPI excited state that we report here is of great value,
as this is very difficult to achieve given the relative indistinguishability of electrons and holes. Furthermore these
results reach the earliest possible times after photoexcitation of the material, and tell us about the nature of the
energy landscape that both charges experience as they relax.

These findings are important, as they help to elucidate the nature, timescales and details of the very fastest ini-
tial processes in MAPI perovskite. Understanding of such details is important if one wants to think about taking
advantage of the unique properties of these materials. For example, such new knowledge may open up possible
strategies for hot-carrier extraction that would take advantage of the long lifetime of “hot-electron”-like states
that we find here. Similarly, perovskite-based lasers could benefit from the long life times of these “hot-electrons”,
which are crucial for the population inversion process.

Experimental Methods

Film preparation. Perovskite films were prepared by the lead acetate precursor route described by Zhang
et al. . A solution of 221 mg of recrystallised methylammonium iodide (MAI) and 175.6 mg of lead acetate dis-
solved in 1 ml of N-N dimethylformamide (DMF) and stirred for 5 minutes until the solution had completely dis-
solved. Substrates to be spin coated were first cleaned via sequential sonication in Helmanex solution, deionised
water, acetone, and then isopropanol before being dried and then oxygen plasma cleaned for 3 minutes at maxi-
mum power. The solution was then spin coated onto the clean substrate in a nitrogen filled glovebox (<0.1ppm
0, and H,0) at 2000 RPM for 60s, followed by vacuum annealing at 100 °C for 5 minutes. Samples were ~120 nm
thick with <10nm roughness, and any samples with PbI, impurities (shown by a “milky” appearance on the sur-
face of the film) were discarded. Samples were encapsulated by placing a 2 mm thick fused silica window on top of
the film and sealing it in a rotating sample holder for measurement in the upconversion setup.

Ultrafast photoluminescence. Ultrafast PL was measured with a modified FOG100 upconversion setup
by CDP Systems. Briefly, the 1030 nm, 80 MHz, 100 fs fundamental of an Yb:KGW oscillator (FLINT by Light
Conversion) is fed into the setup, where the second harmonic at 515nm is generated with a BBO crystal. This
forms the excitation beam that is passed through a Berek polariser set to magic angle with respect to the detection
polarisation, then focussed onto the sample, which was rotated to avoid sample degradation, while PL was col-
lected with a short focal length lens. The residual 1030 nm fundamental that was not converted for the excitation
was instead sent down an optical delay line and then focussed onto a BBO upconversion crystal along where it
was spatially overlapped with the collected PL. Upconverted photons in the visible or near-UV were then filtered
spectrally and spatially before being detected with a photomultiplier tube. Computer control of the delay line
along with PMT counting enable the PL intensity as a function of time to be recorded. The instrument response
function was recorded by measuring the water Raman shift of the excitation laser. The optical path length was
small (~0.5mm) to ensure dispersion did not broaden the response significantly compared to the thin perovskite
film. This gave a Gaussian response of width 244 fs full-width half-maximum.

Computational Methods

Electronic structure calculations. Electronic structure calculations are performed at the DFT level of
theory, within the pseudopotential/plane-wave implementation of the PWSCF program from the Quantum-
Espresso suite®®. We resort to ultrasoft, scalar-relativistic pseudotential, along with PBE functional to describe
exchange-correlation®’, and we used a cutoff of 25 Ry and 200 Ry, respectively for the expansion of the wave-
function and electron density. The present computational set-up has been largely exploited in the literature and
represents the best compromise between accuracy and computational cost*! =,

For the 2 x 2 x 1 supercell model of the tetragonal phase, we employed the cell parameters by Poglitsch
and Weber (total cell parameters of 17.72 x 17.72 x 12.67 A)¥. During the BOMD simulations, we resort to a
Monkhorst-Pack mesh® in the first Brillouin zone of 1 X 1 X 2, to preserve a comparable accuracy of the atomic
forces along the three crystallographic directions, in line with similar calculations reported in the literature*>4,
During the evaluation of the non-adiabatic matrix elements, instead, we considered only I". The comparison of
the DOS for the supercell model evaluated with the two sets of k-point mesh shows that there are only minor
differences between the two cases and with respect to a reference calculation of the tetragonal unit cell, using a
4 x 4 x 4 sampling of the first Brillouin zone (see Supporting Information).

Born-Oppenheimer molecular dynamics (BOMD). BOMD is conducted under NVT conditions, for a
total simulation length of 4.5 ps. This includes 1.5 ps of production dynamics, performed after 3 ps of thermaliza-
tion, where the target temperature (300 K) was reached following three steps of 1 ps duration each, with progres-
sive increase of the temperature by 100 K. The procedure is similar to the one reported in ref.*?, with the use of
~1fs time steps, along with the Anderson thermostat to control the temperature, with a time constant of ~5fs, in
line with other BOMD simulations reported in the literature344+>,

Non-adiabatic quantum dynamics. We carried out NAQD simulations using the PYXAID program?”2.
Out of the 68 electronic excited state configurations having similar energy to the initial excitation used in PL
measurements (0.85eV above E,), we selected four “hot-hole”, four “intermediate” and four “hot-electron” as ini-
tial excited states configurations for the NAQD simulations, along with ten different initial conditions. The elec-
tronic configurations were then allowed to evolve in the NAQD simulations, using the Fewest Surface Hopping
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algorithm, along the 529 electronic configurations resulting from the current computational set-up, considering
300 stochastic realizations for each initial condition®*.

No decoherence effects were considered in the present NAQD simulations. The need for a decoherence cor-
rection to a quantum-classical NA dynamics scheme is judged by comparing the decoherence timescale with the
timescales of quantum transitions between electronic levels. In the case of intraband relaxation, investigated here,
transitions happen within a dense manifold of electronic states that have similar properties®. Because the gaps
between electronic states are small, approaching 0, transitions are very fast. On the other hand, the electronic
states have similar properties, including potential energy surfaces, hence resulting in slow decoherence. As a
result, the decoherence timescale is longer than quantum transition time, and a decoherence correction has little
or no effect on the dynamics®.

Data Availability. The research data supporting this publication can be accessed at https://doi.org/10.17630/
6£533425-f4b6-49¢9-aa69-ea02692c6af0.

References
1. Lee, M. M., Teuscher, J., Miyasaka, T., Murakami, T. N. & Snaith, H. J. Efficient Hybrid Solar Cells Based on Meso-Superstructured
Organometal Halide Perovskites. Science 338, 643-647 (2012).
2. Burschka, J. et al. Sequential deposition as a route to high-performance perovskite-sensitized solar cells. Nature 499, 316 (2013).
3. Liu, M. Z,, Johnston, M. B. & Snaith, H. J. Efficient planar heterojunction perovskite solar cells by vapour deposition. Nature 501, 395
(2013).
4. Zhou, H. P. et al. Interface engineering of highly efficient perovskite solar cells. Science 345, 542-546 (2014).
5. Jeon, N. J. et al. Solvent engineering for high-performance inorganic-organic hybrid perovskite solar cells. Nat Mater 13, 897-903
(2014).
6. Xiao, Z. et al. Giant switchable photovoltaic effect in organometal trihalide perovskite devices. Nat Mater 14, 193-198 (2015).
7. Kim, H.-S. et al. Lead Iodide Perovskite Sensitized All-Solid-State Submicron Thin Film Mesoscopic Solar Cell with Efficiency
Exceeding 9%. Sci Rep 2, 591 (2012).
8. Bella, E. et al. Improving efficiency and stability of perovskite solar cells with photocurable fluoropolymers. Science (2016).
9. Frost, J. M. et al. Atomistic Origins of High-Performance in Hybrid Halide Perovskite Solar Cells. Nano Lett 14, 2584-2590 (2014).
10. Tan, Z. K. et al. Bright light-emitting diodes based on organometal halide perovskite. Nat Nanotechnol 9, 687-692 (2014).
11. Zhu, H. M. et al. Lead halide perovskite nanowire lasers with low lasing thresholds and high quality factors. Nat Mater 14, 636-U115
(2015).
12. Whitworth, G. L. et al. Nanoimprinted distributed feedback lasers of solution processed hybrid perovskites. Opt Express 24,
23677-23684 (2016).
13. Karakus, M. et al. Phonon-Electron Scattering Limits Free Charge Mobility in Methylammonium Lead Iodide Perovskites. ] Phys
Chem Lett 6,4991-4996 (2015).
14. Miyata, A. et al. Direct measurement of the exciton binding energy and effective masses for charge carriers in organic-inorganic
tri-halide perovskites. Nat Phys 11, 582-587 (2015).
15. Green, M. A., Ho-Baillie, A. & Snaith, H. ]. The emergence of perovskite solar cells. Nat Photon 8, 506-514 (2014).
16. Stranks, S. D. & Snaith, H. J. Metal-halide perovskites for photovoltaic and light-emitting devices. Nat Nanotechnol 10, 391-402
(2015).
17. Johnston, M. B. & Herz, L. M. Hybrid Perovskites for Photovoltaics: Charge-Carrier Recombination, Diffusion, and Radiative
Efficiencies. Acc Chem Res 49, 146-154 (2016).
18. D’Innocenzo, V. et al. Excitons versus free charges in organo-lead tri-halide perovskites. Nat Commun 5 (2014).
19. Fang, H. H. et al. Photoexcitation dynamics in solution-processed formamidinium lead iodide perovskite thin films for solar cell
applications. Light Sci Appl 5 (2016).
20. Saba, M., Quochi, F, Mura, A. & Bongiovanni, G. Excited State Properties of Hybrid Perovskites. Acc Chem Res 49, 166-173 (2016).
21. Xing, G. C. et al. Long-Range Balanced Electron- and Hole-Transport Lengths in Organic-Inorganic CH3NH3PbI3. Science 342,
344-347 (2013).
22. Piatkowski, P, Cohen, B., Kazim, S., Ahmad, S. & Douhal, A. How photon pump fluence changes the charge carrier relaxation
mechanism in an organic-inorganic hybrid lead triiodide perovskite. Phys Chem Chem Phys 18, 27090-27101 (2016).
23. Richter, J. M. et al. Ultrafast carrier thermalization in lead iodide perovskite probed with two-dimensional electronic spectroscopy.
Nat Commun 8 (2017).
24. Ghosh, T., Aharon, S., Etgar, L. & Ruhman, S. Free Carrier Emergence and Onset of Electron-Phonon Coupling in Methylammonium
Lead Halide Perovskite Films. ] Am Chem Soc 139, 18262-18270 (2017).
25. Hsu, H. Y. et al. Femtosecond Excitonic Relaxation Dynamics of Perovskite on Mesoporous Films of A1203 and NiO Nanoparticles.
Angew Chem Int Ed 53, 9339-9342 (2014).
26. Chen, K., Barker, A. J., Morgan, F. L. C., Halpert, J. E. & Hodgkiss, ]. M. Effect of Carrier Thermalization Dynamics on Light
Emission and Amplification in Organometal Halide Perovskites. ] Phys Chem Lett 6, 153-158 (2015).
27. Akimov, A. V. & Prezhdo, O. V. The PYXAID Program for Non-Adiabatic Molecular Dynamics in Condensed Matter Systems. |
Chem Theory Comput 9, 4959-4972 (2013).
28. Akimov, A. V. & Prezhdo, O. V. Advanced Capabilities of the PYXAID Program: Integration Schemes, Decoherenc:e Effects,
Multiexcitonic States, and Field-Matter Interaction. ] Chem Theory Comput 10, 789-804 (2014).
29. Long, R. & Prezhdo, O. V. Dopants Control Electron-Hole Recombination at Perovskite-TiO2 Interfaces: Ab Initio Time-Domain
Study. Acs Nano 9, 11143-11155 (2015).
30. Long, R,, Liu, J. & Prezhdo, O. V. Unravelling the Effects of Grain Boundary and Chemical Doping on Electron-Hole Recombination
in CH3NH3PbI3 Perovskite by Time-Domain Atomistic Simulation. J Am Chem Soc 138, 3884-3890 (2016).
31. Long, R., Fang, W. H. & Prezhdo, O. V. Moderate Humidity Delays Electron-Hole Recombination in Hybrid Organic-Inorganic
Perovskites: Time-Domain Ab Initio Simulations Rationalize Experiments. ] Phys Chem Lett 7, 3215-3222 (2016).
32. Madjet, M. E. A. et al. Enhancing the carrier thermalization time in organometallic perovskites by halide mixing. Phys Chem Chem
Phys 18, 5219-5231 (2016).
33. Kohn, W. & Sham, L. J. Self-Consistent Equations Including Exchange And Correlation Effects. Phys Rev 140, 1133-& (1965).
34. Stranks, S. D. et al. Electron-Hole Diffusion Lengths Exceeding 1 Micrometer in an Organometal Trihalide Perovskite Absorber.
Science 342, 341 (2013).
35. Wehrenfennig, C., Eperon, G. E., Johnston, M. B., Snaith, H. J. & Herz, L. M. High Charge Carrier Mobilities and Lifetimes in
Organolead Trihalide Perovskites. Adv Mater 26, 1584-1589 (2014).
36. Madjet, M. E. et al. Cation Effect on Hot Carrier Cooling in Halide Perovskite Materials. ] Phys Chem Lett 8, 4439-4445 (2017).
37. Perdew, J. P, Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys Rev Lett 77, 3865-3868 (1996).

SCIENTIFICREPORTS| (2018) 8:8115 | DOI:10.1038/s41598-018-26207-9 8


http://dx.doi.org/10.17630/6f533425-f4b6-49c9-aa69-ea02692c6af0
http://dx.doi.org/10.17630/6f533425-f4b6-49c9-aa69-ea02692c6af0

www.nature.com/scientificreports/

38. Umari, P,, Mosconi, E. & De Angelis, F. Relativistic GW calculations on CH3NH3PbI3 and CH3NH3SnI3 Perovskites for Solar Cell
Applications. Sci Rep 4 (2014).

39. Even, ], Pedesseau, L., Jancu, J. M. & Katan, C. Importance of Spin-Orbit Coupling in Hybrid Organic/Inorganic Perovskites for
Photovoltaic Applications. ] Phys Chem Lett 4,2999-3005 (2013).

40. Brivio, E, Butler, K. T., Walsh, A. & van Schilfgaarde, M. Relativistic quasiparticle self-consistent electronic structure of hybrid halide
perovskite photovoltaic absorbers. Phys Rev B 89 (2014).

41. Quarti, C., Mosconi, E. & De Angelis, F. Interplay of Orientational Order and Electronic Structure in Methylammonium Lead
Iodide: Implications for Solar Cell Operation. Chem Mater 26, 6557-6569 (2014).

42. Quarti, C., Mosconi, E. & De Angelis, F. Structural and electronic properties of organohalide hybrid perovskites from ab initio
molecular dynamics. Phys Chem Chem Phys 17, 9394-9409 (2015).

43. Quarti, C. et al. Structural and optical properties of methylammonium lead iodide across the tetragonal to cubic phase transition:
implications for perovskite solar cells. Energy Environ Sci 9, 155-163 (2016).

44. Carignano, M. A., Kachmar, A. & Hutter, J. Thermal Effects on CH3NH3PbI3 Perovskite from Ab Initio Molecular Dynamics
Simulations. J Phys Chem C 119, 8991-8997 (2015).

45. Umebayashi T, Asai K, Kondo T, Nakao A. Electronic structures of lead iodide based low-dimensional crystals. Phys Rev B 67 (2003).

46. Mosconi, E., Amat, A., Nazeeruddin, M. K., Gratzel, M. & De Angelis, E First-Principles Modeling of Mixed Halide Organometal
Perovskites for Photovoltaic Applications. ] Phys Chem C 117, 13902-13913 (2013).

47. Yang, Y. et al. Observation of a hot-phonon bottleneck in lead-iodide perovskites. Nat Photon 10, 53-59 (2016).

48. Price, M. B. et al. Hot-carrier cooling and photoinduced refractive index changes in organic-inorganic lead halide perovskites. Nat
Commun 6 (2015).

49. Zhu, H. M. et al. Screening in crystalline liquids protects energetic carriers in hybrid perovskites. Science 353, 1409-1413 (2016).

50. Quarti, C. et al. The Raman Spectrum of the CH(3)NH(3)Pbl(3) Hybrid Perovskite: Interplay of Theory and Experiment. J Phys
Chem Lett 5,279-284 (2014).

51. Grancini, G. et al. The Impact of the Crystallization Processes on the Structural and Optical Properties of Hybrid Perovskite Films
for Photovoltaics. ] Phys Chem Lett 5, 3836-3842 (2014).

52. Hedley, G.J., Ruseckas, A. & Samuel, I. D. W. Vibrational Energy Flow Controls Internal Conversion in a Transition Metal Complex.
J Phys Chem A 114, 8961-8968 (2010).

53. Tamai, N. & Miyasaka, H. Ultrafast dynamics of photochromic systems. Chem Rev 100, 1875-1890 (2000).

54. Justino, L. L. G. et al. Conformational Studies of Poly(9,9-dialkylfluorene)s in Solution Using NMR Spectroscopy and Density
Functional Theory Calculations. ] Phys Chem B 113, 11808-11821 (2009).

55. Zhang, W. et al. Ultrasmooth organic-inorganic perovskite thin-film formation and crystallization for efficient planar heterojunction
solar cells. Nat Commun 6 (2015).

56. Giannozzi, P. et al. QUANTUM ESPRESSO: a modular and open-source software project for quantum simulations of materials. ]
Phys Condens Matter 21 (2009).

57. Poglitsch, A. & Weber, D. Dynamic Disorder In Methylammoniumtrihalogenoplumbates(li) Observed By Millimeter-Wave
Spectroscopy. ] Chem Phys 87, 6373-6378 (1987).

58. Monkhorst, H. J. & Pack, J. D. Special Points For Brillouin-Zone Integrations. Phys Rev B 13, 5188-5192 (1976).

59. Andersen, H. C. Molecular-Dynamics Simulations At Constant Pressure And-Or Temperature. ] Chem Phys 72, 2384-2393 (1980).

60. Kilina, S. V., Kilin, D. S. & Prezhdo, O. V. Breaking the Phonon Bottleneck in PbSe and CdSe Quantum Dots: Time-Domain Density
Functional Theory of Charge Carrier Relaxation. ACS Nano 3, 93-99 (2009).

Acknowledgements

We are grateful to the EPSRC (grants EP/J009016 and EP/L017008) and the European Research Council (grant
321305) for financial support. The work was also supported by the Interuniversity Attraction Pole program of the
Belgian Federal Science Policy Office (PAI 6/27) and FNRS-ER.S. Computational resources have been provided
by the Consortium des Equipements de Calcul Intensif (CECI), funded by the Fonds de la Recherche Scientifique
de Belgique (F.R.S.-FNRS) under Grant No. 2.5020.11. DB is a FNRS Research Director. IDWS acknowledges
a Royal Society Wolfson Research Merit Award. O.V.P. acknowledges support of the U.S. National Science
Foundation, award number CHE-1565704.

Author Contributions

G.J.H. planned the research, measured the ultrafast PL and analysed the data. ].H. fabricated the MAPI films
and devised the best deposition methods to obtain strong PL. C.Q. performed all calculations with the support
from O.V.P. G.J.H,, C.Q. and I.D.W.S. prepared the manuscript. LD.W.S. supervised the experimental work and
D.B. supervised the theoretical work. All authors contributed to the discussion of results and commented on the
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-26207-9.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:8115 | DOI:10.1038/s41598-018-26207-9 9


http://dx.doi.org/10.1038/s41598-018-26207-9
http://creativecommons.org/licenses/by/4.0/

	Hot-Hole Cooling Controls the Initial Ultrafast Relaxation in Methylammonium Lead Iodide Perovskite

	Results

	Ultrafast photoluminescence. 
	Theoretical simulations. 

	Discussion

	Experimental Methods

	Film preparation. 
	Ultrafast photoluminescence. 

	Computational Methods

	Electronic structure calculations. 
	Born-Oppenheimer molecular dynamics (BOMD). 
	Non-adiabatic quantum dynamics. 
	Data Availability. 

	Acknowledgements

	Figure 1 Ultrafast experimental results.
	Figure 2 The total joint Density of States (jDOS) and jDOS associated to hot electron, intermediate and hot hole excited states.
	Figure 3 Results from NAQD simulations.




