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Abstract

The ability of methylammonium lead triiodide (MAPDI;) to achieve photoelectric conversion
efficiency that is on par with crystalline silicon has led to a surge of interest in perovskite photovoltaics.
However, an in-depth understanding of how the ubiquitous coupling between the fast rovibrational
movements of the organic cations and the phonon vibrations of the inorganic framework affects the
relaxation and recombination of hot carriers remains largely elusive. Access to such knowledge is
critical to guide design and increase efficiency of new classes of perovskite solar cells. We report a
time-domain ab initio investigation of temperature dependent excited state dynamics in MAPbI;, with
particular emphasis on nuclear anharmonic effects. The observed strong anharmonicity is attributed to
softness of the material and unusual dynamical coupling between the organic and inorganic
components. At an elevated temperature, the hydrogen bonding between MA and iodines is weakened,
enhancing rotation of MA cations, which become more dynamically disordered. As a result, thermal
vibrations of the inorganic Pb-I sublattice are suppressed, and the lattice anharmonicity is decreased.
Thermal fluctuations of the electronic energy levels are found to follow the trend of anharmonic
motions of Pb and I atoms, with holes relaxing faster to the band edges than electrons, due to higher
density of the hole states. While elevated temperature accelerates intraband carrier cooling, it slows
nonradiative carrier recombination. The latter result is important for performance, since solar cells and
other devices heat up during operation. The reported signatures of coupled structural dynamics of the
organic cations and inorganic framework unravel the interplay between anomalous structural
fluctuations and charge carrier dynamics, which is of particular importance for fundamental

understanding of the structure-property relationships in hybrid metal halide perovskites.
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1. Introduction

Hybrid organic-inorganic perovskites have been identified as one of the most promising materials
in energy-related and optoelectronic devices owing to their low-cost and excellent optoelectronic
properties, such as high absorption coefficients, bandgap tunability, micrometer carrier diffusion
length, ambipolar transport characteristics, and slow charge recombination.!~” The record conversion
efficiency of perovskite solar cells (PSCs) based on methylammonium lead iodide (MAPbI;) has
exceeded 25%, approaching the conversion efficiency of single-crystalline silicon (~27%).8 However,
further improvements in the PSCs efficiencies have seen limited breakthrough in the recent years. The
underlying physical limitations behind this slow progress are not sufficiently understood.
Fundamentally, the intra- and inter-band carrier relaxations are the two key energy loss channels that
determine the efficiency of a solar cell. The former corresponds to the relaxation of hot carriers toward
the band edges, while the latter usually refers to the recombination of band edge carriers (electrons and
holes) across the bandgap. Figure 1 provides an illustration of these processes. Both processes can
reduce the carrier lifetime and transfer electronic energy to the lattice through inelastic carrier-phonon
interactions. Higher solar cell efficiencies can be achieved if these two energy loss pathways are
suppressed. To drive efficiencies of the PSCs toward the Shockley-Queisser limit and beyond,
atomistic understanding of the photo-physical processes in hybrid perovskites is of fundamental

interest, since most of the work has been focusing on the material fabrication and device optimization.’

Extensive investigations have been carried out to study the charge carrier dynamics in metal
halide perovskites (MHPs).!%-17 Experimentally, most of the photophysical studies are based on time-
resolved spectroscopy measurements. Sub-picosecond hot carrier cooling!® and nanosecond electron-

hole recombination? in MAPbI; have been identified. These timescales are much slower than those in
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the conventional semiconductors, such as Si and GaAs,' partly accounting for the superior
optoelectronic properties of MHPs. In order to understand the origin of long carrier lifetime,
considerable efforts have been devoted to elucidate the nature of the characteristic dynamic structure
of MHPs by using various techniques.?® Nevertheless, fundamental understanding of the interplay of
dynamic structure fluctuation and charge carrier dynamics in MHPs still remain as a challenge,
motivating the detailed atomistic understanding of the kinetics of the nonequilibrium processes at the

operational temperatures.
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Figure 1. Schematic of relaxation of hot electrons and holes to the band edges, and nonradiative
electron-hole recombination across the bandgap (left). Atomic structure of the MAPbI; perovskite

crystal (right). The shaded grey region represents the [Pbls*] octahedra.

Here, we systematically explore the effect of temperature on the charge carrier relaxation in
MHPs, with emphasis on the intrinsic anharmonicity of the perovskite lattice and the interplay between
the organic cations and the inorganic network. This is achieved through using a combination of
nonadiabatic molecular dynamics (NA-MD) and time-domain density functional theory (TD-DFT).
By focusing on the cooling of hot electrons and holes, as well as the nonradiative electron-hole

recombination processes, we show that elevated temperature enhances the rotation of MA cations,
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which subsequently “locks” the fluctuations of the Pb-I lattice. Based on the analysis using the recently
proposed anharmonic score, we observe a strong anharmonicity in the MAPbI; perovskite, which can
be attributed to the coupling between rotational motions of the organic cations and fluctuations of the
inorganic sublattice. Inorganic Pb and I atoms exhibit weaker anharmonicity at higher temperature
because of the suppressed tilting of the inorganic [Pblg*] octahedra. The hydrogen-bonding
interactions between the MA cations and the iodine in the lattice are weakened at higher temperature,
since MA cations in the lattice become dynamically disordered, rotating in an isotropic potential.
Electronic structure calculations indicate that thermal fluctuations of electronic energy levels follow
the same trend as the anharmonic score, induce changes in the NA couplings (NACs), and
correspondingly alter the rates of intra- and inter-band transitions of charge carriers at different

temperatures.

2. Computational Methodology

The NA-MD simulations are performed with the mixed quantum-classical fewest switches surface
hopping (FSSH)?! and decoherence-induced surface hopping (DISH)??> algorithms within the
framework of TD-DFT in the Kohn-Sham representation, as implemented in the PYXAID code.??%*
Heavier nuclei are treated (semi)-classically, whereas lighter electrons are described quantum
mechanically. FSSH has been the most popular NA-MD algorithm, and is stable and accurate when
modeling rapid transitions within dense manifold of states in nanoscale systems,?>~2° such as the intra-

band carrier relaxation discussed herein. Slow quantum transitions involving few states with well-
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separated energy levels, i.e., the electron-hole recombination across the fundamental gap, require
incorporation of decoherence effects, since straightforward quantum-classical treatment overestimates
the recombination rate. Introduction of decoherence by means of stochastic collapse of wave-function
into adiabatic states provides the physical mechanism for surface hopping, leading to the DISH
scheme.?? The NA-MD simulations based on the FSSH and DISH schemes have been widely used to

model carrier relaxation and recombination in a broad range of nanoscale systems.30-3’

The FSSH algorithm is more established, tested and used than the DISH method. However, FSSH
overestimates rates for transitions across large energy gaps. DISH includes decoherence effects and
makes the interband transitions slower, in agreement with experiment. DISH can be used to study
intraband relaxation as well, however, its reliability in such situations requires further studies. In
particular, transitions within dense manifolds of states occur faster than loss of coherence between
corresponding states. However, DISH transitions happen at decoherence events. Detailed balance
between transitions upward and downward in energy is considered in DISH when transitions take place,
i.e., also at decoherence events. Because decoherence between nearly degenerate states is slow, DISH
appears to overestimate intraband relaxation times. Transitions are not frequent enough, and detailed
balance responsible for the overall flow of electronic populations downward in energy is not
considered sufficiently frequently. This problem does not arise in the stochastic mean field approach
(SMF),3® which precedes DISH. SMF allows transitions and considers detailed balance every time-
step. However, implementing SMF is more complex than DISH. Further study of the DISH properties,
implementation of the SMF approach, or incorporation of decoherence into FSSH,3*0 are needed in
order to model both intra- and interband processes with the same NAMD methodology.

We adopt a simulation cell based on a 2x2x2 expansion of cubic MAPbI; perovskite. The MA
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cations are oriented along the <111> direction in the initial structure (Figure 1). The MA cations rotate
during heating, equilibration, and NA-MD.*#*? The cubic structure enables us to investigate the effect
of MA rotation in a systematic manner, by considering fewer atomic motions and minimizing the
number of non-equivalent degrees of freedom, compared to other perovskite structures.*> Geometry
optimization, electronic structure calculation, and adiabatic MD are carrier out using Vienna Ab initio
Simulation Package.** The generalized gradient approximation of Perdew—Burke—-Ernzerho* is used
to treat the exchange-correlation interactions. The projector-augmented wave approach is used to
describe the electron-ion interactions, allowing efficient calculations of the NACs.#>46 The plane-wave
energy cutoff of 400 eV and the 3x3x3 Monkhorst-Pack k-point mesh are adopted for geometry
optimization and MD. The van der Waals interactions are accounted for by the Grimme DFT-D3
method.*” Ab initio MD simulations are utilized to assess the structural dynamics at 100K and 300K.
Starting with the same ground-state structure optimized at OK, repeated velocity rescaling is used to
heat the initial frozen configuration to the target temperatures. Upon the heating, 3 ps adiabatic MD
simulations are carried out in the canonical ensemble (NVT) with a 1 fs timestep to produce the nuclear
trajectories used for calculations of the NA electron-phonon coupling and adiabatic state energies.

Calculation of elemental-projected anharmonic score is carried out using the FHI-vibes code.*®

Relativistic effects leading to strong spin-orbit coupling (SOC) are significant in CH;NH;Pbl; and
other lead halide perovskite due to the presence of the heavy lead element. Inclusion of SOC lowers
the MAPbI; bandgap by nearly 1 eV.* Fortuitously, the PBE functional produces the correct bandgap,
because of the cancellation of the error induced by neglect of SOC, and the self-interaction error of
pure DFT functionals. In order to obtain the correct bandgap including SOC, the use of hybrid DFT

functionals or the GW theory is required.”® Unfortunately, both hybrid functionals and the GW theory
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are computationally expensive. Inclusion of SOC adds computational expense as well. Repeatedly
performing thousands of electronic structure calculations required for the NAMD simulation becomes
prohibitive. Therefore, all the calculations in this work are performed with the PBE functional, which
provides the best balance between computational efficiency and accuracies for modelling the electron

and phonon dynamics, as well as the couplings between the two in MAPbI;.

3. Results and Discussion

Hybrid perovskites are mechanically soft and exhibit complex structural dynamics at finite
temperatures, involving considerable ionic displacements and molecular rotations. Atomic dynamics
of hybrid perovskites has strong influence on their optoelectronic properties. We start by considering
thermal fluctuations of lattice atoms. Figure 2 shows 3000 superimposed MD snapshots of MAPbI;
sampled at 100K and 300K. All atoms fluctuate around their equilibrium positions during MD, and
MA cations fill the interstices of the Pb-I lattice, indicating that the structures are thermally stable. The
lighter MA cations undergo much larger fluctuations in their positions compared to the heavier Pb and
I atoms. The MA cation is able to rotate freely within the inorganic Pb-I framework at finite
temperatures. Rotation of the organic cations is strongly coupled to local deformations of the inorganic
sub-lattice in the MAPbI; perovskite, as evidenced by the MD snapshots shown in Figures 2a,b. Such
a dynamical coupling between the organic and inorganic components depends on the symmetry and
size of the organic cation, as well as the temperature. We observe that MA cations become
progressively disordered as temperature is increased, whereas the magnitude of structural fluctuations
of the Pb-I sub-lattice is reduced at the higher temperature. In order to better understand the origin

behind this observation, we calculated the averaged nuclear positions along the MD trajectory (Figures
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2¢,d). The averaged [Pbls*] octahedra are more tilted at the lower temperature. The statistical analysis
of the Pb-I-Pb angles confirms this finding (Figure 2e). The MA cations are more disordered as
temperature increases. The volume of the inorganic cage is reduced owing to the considerable thermal
motion of MA, resulting in smaller distortions of the Pb-I sub-lattice (deviations of the I-Pb-I bond

angle) and suppressed displacement of Pb and I atom in each [Pbls*] octahedron.
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Figure 2. 3000 superimposed snapshots from molecular dynamics (MD) trajectories of MAPbI; at
100K (a) and 300K (b). MAPDI; structures averaged over 3000 snapshots of the MD simulation at
100K (c) and 300K (d). Distribution of Pb-I-Pb angles during MD at 100K and 300K (e). Root-mean-
square (RMS) displacement for each atom type at the two temperatures (f). Surprisingly, fluctuations
of Pb and I decrease at the higher temperature, indicating that the [Pbls*] octahedra exhibit stronger
residual tilting at the lower temperature. Anharmonic score, Eq. (1), of Pb and I atoms in MAPbI; with
free (g) and fixed (h) MA cations. Rotation of MA cations at the higher temperature decreases

anharmonicity of the inorganic Pb-I lattice (g). Fixing MA gives the opposite trend (h).

In order to quantify thermal motions of the lattice atoms, we computed the root-mean-square

(RMS) displacement of each atomic species and averaged them for each temperature, as shown in
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Figure 2f. A larger atomic displacement indicates stronger thermal fluctuations. The data show that
MA cations exhibit stronger fluctuation than inorganic [Pblg*] octahedra, which is consistent with the
MD snapshots (Figure 2a,b). Crucially, the higher temperature enhances the amplitude of motions of
the C, N, and H atoms, but suppresses vibrations of the inorganic Pb and I atoms. This phenomenon
occurs because the increased re-orientational motions of the MA cations in the interstitial regions of
the Pb-1 sub-lattice induce steric hinderance and restrict fluctuations of the inorganic sublattice. To
verify this interpretation, we calculated the atomic displacements in MAPbI; at 300K with the MA
cations frozen (Figure S1). The inorganic Pb and I atoms fluctuate much more when the MA cations
are immobile. The results provide a clear indication of the strong coupling between local deformations
of the inorganic [Pbls*] octahedra and re-orientations of the MA cations. We note that such structural
fluctuation dynamics of MAPDI; has been reported in the previous experimental work,’! e.g., low
temperature favors the strongly deformed [Pbls*] octahedra which restricts the rotational motion of
MA, whereas increasing temperature leads to the larger atomic displacements of MA and less distorted
[Pbls*] octahedra. Interestingly, the RMS displacement of H atoms is increased by a factor of 3 as
temperature increases from 100K to 300K, compared to a much smaller increase in the atomic
displacements of C and N. This observation correlates with the fact that MA tends to deprotonate under
the PSC operational conditions. Recent works demonstrated that H vacancies®” or interstitials>® can be
present in hybrid perovskites and form nonradiative recombination centers. This fact has been long
overlooked in PSCs.

Vibrational anharmonicity is known to be important for the optoelectronic properties of
semiconductors.’*-8 The “soft” nature of the perovskite crystal lattice suggests that anharmonic effects

may be strong in this class of materials. Considerable efforts have been dedicated to establish the origin
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of anharmonicity in hybrid perovskites.3¢-3°-63 It has been shown that the vibrational anharmonicity in
MHPs is associated with the displacement of halogen atoms perpendicular to the Pb-X-Pb bonding
axis.*% Ap initio MD simulations can naturally account for temperature and anharmonic effects in
materials, offering an opportunity to directly explore anharmonicity of atomic vibrations. In order to
quantitatively estimate the degree of anharmonicity in the MAPbI; perovskite at different temperatures,

we calculated the anharmonic score, o4(T), at temperature T according to the following expression:53

ey

in which F;, is the force on atom I along the a Cartesian direction, and (- )r denotes canonical
averaging. F ffa represents the anharmonic force component, calculated as the difference between F;,
and the harmonic force component, F 52,1) The calculated ¢/(T) associated with the inorganic atoms
of MAPbIj; are shown in Figure 2g. We focus on anharmonicity of the inorganic atoms only, because
no reliable reference harmonic model can be used for the MA cations, since they randomly rotate at
ambient temperature. The anharmonic scores of the Pb and I atoms are relatively large, within the
range of 1.2~2.4, which is about an order of magnitude larger than for other common semiconductors,
such as Si,» Cu,ZnSnS,;,>® evidencing that MAPbI; is strongly anharmonic. Such significant
anharmonic effects have been detected in MHPs previously and correlated with several important
optoelectronic properties.5+66.67

As temperature increases, the anharmonic scores of the inorganic atoms reduce. Anharmonicity is
associated with large-amplitude atomic displacements. The amplitudes of the Pb and I displacements
decrease as temperature grows, rationalizing the weaker anharmonicity of the Pb and I atoms at the
higher temperature. Interestingly, temperature influences the anharmonicity of I atoms much more

significantly than the Pb atoms. This is because the MA cations, which rotate inside the inorganic cage,
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interact with the I atoms directly, while influencing the Pb atoms indirectly. We emphasize that the
weaker anharmonicity at the higher temperature is linked with the smaller displacement of the I atoms
perpendicularly to the nearby Pb-Pb axes, helping to maintain the perfect cubic symmetry at the higher
temperature. We also compute the anharmonic score with frozen MA cations, Figure 2h. The
anharmonic scores of the Pb and I atoms increase with temperature when MA cations are fixed. Further,
the anharmonic scores of the Pb and I atoms with MA fixed are much lower than those in the freely
moving system, demonstrating that the degree of vibrational anharmonicity of the inorganic Pb-I lattice
is strongly associated with its coupling to the rotational motions of the organic cations. These results
carry important implications for the properties of the band edge states, which are derived from orbitals
of the Pb and I atoms. In this regard, it is of particular importance to link the anharmonic motions of
the lattice atoms of the hybrid perovskite with electron-phonon interactions, as we discuss below.

In Figure 3 we report the atom pair radial distribution function (RDF) for MAPbI; obtained from
the ab initio MD simulation at the different temperatures. The RDF can provide quantitative
information about structures on the atomic scale. The peak position directly gives the bond length
information. The positions of the main peaks of the simulated RDF agree with experiment®®-%° and
available theoretical reports’®7> on the MAPbI; perovskite, indicating that the ion dynamics, average
structure, and atomic displacements were correctly described by our simulation. The pair RDFs of
MAPDI; show little variations with temperature. In particular, the Pb-I RDF shows a peak centered at
around 3.2 A. The peak narrows at the higher temperature, indicating a reduced fluctuation in the Pb-
I bond length and a more ordered arrangement the Pb and I atoms associated with smaller tilting of the
inorganic [Pbls*] octahedra. Previous work reported a correlation between Pb-I bond fluctuations and

stability of the perovskite system.”® In this regard, our data further confirm that the cubic phase of the
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MAPDbI; perovskite is a high-temperature stable phase, as well-known experimentally. Figure 3b
reports the H-I RDF at different temperatures to illustrate possible hydrogen-bonding interactions in
MAPDI;.7475 The H-I RDF shows two maxima at about 3.9 A and 3.7 A, which can be ascribed to the
different H-I coordination. The two peaks change little with temperature. However, subtle difference
can still be found. The H-I RDF peak intensity is slightly smaller at 300K than 100K, suggesting
weakened NH--T interactions. This is because MA cations rotate more at the higher temperature,’®
reducing hydrogen bonding contacts. In contrast, at the lower temperature, MA cations are partially
ordered by hydrogen bonding to iodines, causing tilting of the inorganic [Pblg*] octahedra.

In order to investigate how anharmonicity influences vibrational properties of the perovskite
system, we calculated the vibrational density of states (VDOS) through Fourier transform of the

velocity-velocity autocorrelation function obtained from ab initio MD:

VDOS(w) = 52 [ (v (x)vi(0))e“ dr 2)
Here, v;(t) represents the velocity of atom 7 at time ¢ and (---) denotes ensemble averaging. This
methodology is suitable for describing VDOS beyond the harmonic approximation at OK,
characterizing temperature dependent vibrational properties. Figure 3e,f presents the MAPbl; VDOS
calculated at the different temperatures. The phonon modes in the VDOS spectra can be separated into
three regimes. The lowest-frequency regime is below 150 cm!, the middle-frequency regime ranges
from 280 to 1700 cm’!, and the highest-frequency regime is beyond 2900 cm’!, agreeing with the
experimentally and theoretically reported vibrational densities of states.”” The low-frequency phonon
modes are completely associated with motion of Pb and I atoms.”® The phonon modes in the middle-

frequency region mostly correspond to the stretching and torsion modes of MA involving relative

movement of the -CHj3 and -NHj groups. A large phonon frequency gap is present between the low-
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and middle-frequency regions, reducing cross-gap phonon scattering between internal motions of the
MA cation and vibrations of the inorganic [Pblg*] octahedrons.” The highest-frequency phonon
modes mainly correspond to stretching of C-H and N-H bonds. Motion of H atoms dominates this
frequency region. We find that higher temperature weakens the low-frequency phonons, enhances the
middle-frequency phonons, and suppresses the high-frequency phonons, suggesting that the enhanced
MA motion can “lock” fluctuations of inorganic lead and iodine atoms, and further decrease possible
formation of the hydrogen bonding. These results provide solid evidence that rotation of MA cations

is dynamically coupled to the fluctuations of the inorganic cage.
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Figure 3. Radial distribution functions (RDFs) for the Pb-I, H-I, Pb-N, and I-N atom pairs in MAPbI;
(a,b,c,d). The Pb—I RDF shows a higher and sharper peak at the higher T, indicative of changes in the
[Pbls*] internal bonding and octahedra tilting. The Pb-N and I-N RDFs become sharper as well. The
H-I RDF changes little. Fourier transform (FT) of the velocity autocorrelation functions averaged over
all atoms at 100K (e) and 300K (f). The overall FT intensity increases at the higher temperature;
however, the intensity of the low frequency, sub-200 cm! peaks decreases, indicating that the [PbIs*]

lattice moves less at the higher temperature.
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Next, we consider the effects of thermal fluctuations on the electronic density of states (DOS)
around the band edges for the MAPbI; perovskite. The thermally averaged DOS at 100K and 300K
are shown in Figure 4 along with the DOS of the static structure. The averaging is performed over 100
snapshots randomly sampled from the ab initio MD trajectories. The overall DOS shape changes little
upon temperature increase. The DOS for the static structure shows a bandgap of 1.63 eV, at the PBE
level of theory, which is in agreement with the experimental value.®® The agreement between theory
and experiment with bare DFT functional can be attributed to a fortuitous cancelation of the self-
interaction error and neglect of spin-orbit coupling. Thermally averaged electronic bandgap is slightly
larger than the static electronic bandgap at OK. This is in line with the experiments showing blue-shift
in the bandgap upon warming of the MAPbI; perovskite.?!-82 Two factors contribute to the blue-shift.?
The valence band maximum (VBM), originates from antibonding interaction of I-p and Pb-s orbitals,
while the conduction band maximum (CBM) originates primarily from non-bonding Pb-p orbitals. The
antibonding overlap of I-pand Pb-sorbitals is largest in the perfectly cubic structure. The large overlap
upshifts the VBM, and thus, reduces the bandgap. However, the Pb-I bond length increases at the
higher temperature, which favors weaker antibonding coupling, and therefore, an increased bandgap.
In the present calculations, changes in the Pb-I bond length dominate changes in the Pb-I-Pb bond
angle, leading to an increased bandgap at the increased temperature. MA cations contribute little to the
DOS around the bandgap. However, they influence the band edge states indirectly through interaction
with the Pb-I network causing distortions of the inorganic [Pblg*] octahedra, complementing the
viewpoint that the only role of the organic cation is to electrostatically stabilize the perovskite
structure.3* The main difference of the DOS plots between 100K and 300K is the decreased DOS

(orbital level) fluctuations at the higher temperature, a consequence of the weakened anharmonic
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effects associated with reduced amplitudes of Pb and I motions. Typically, smaller orbital levels
fluctuations correspond to weaker electron-phonon coupling, and in particular, to smaller NAC values,

since NACs depend on changes in wave functions induced by nuclear motions.
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Figure 4. Total and projected density of states (PDOS) of MAPDI; for the optimized ground-state
structure at OK (a). PDOS fluctuations (thin lines) and averaged PDOS (thick lines) obtained using 100
random MD structures at 100K (b) and 300K (c). PDOS of lighter iodines shows much larger
fluctuation than PDOS of heavier Pb. PDOS fluctuates less at the higher temperature owing to the

suppressed motion of Pb and I atoms, Figure 2.

Next, we compare the NACs at 100K and 300K. Figure 5a,b shows a 2D map representation of
NAC absolute values for all pairs of orbitals in the energy range considered, which are further averaged
over the 3 ps MD trajectories. For both systems, the NAC along the sub-diagonal lines is strong,

indicating that nonradiative transitions are more likely to happen between nearby states with similar
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energies. Smaller NACs are obtained between the states separated by large gaps. This is because the
NAC strength is inversely proportional to the energy gap. Nevertheless, quantum transitions between
distant states are possible owing to non-zero NACs. The NACs between VB states are significantly
larger than between CB states, and therefore, one may expect faster relaxation of holes than electrons.
The difference can be ascribed to the larger VB DOS, and correspondingly, smaller energy spacings
between VB levels. Smaller NAC is observed between states close to the VBM or CBM, as evidenced
by the lighter color near band edges, because the DOS decreases near the band edges. Generally,
elevated temperature increases the NAC between states inside the VB and CB. This is likely
contributed by the enhanced MA motion at higher temperature, since MA contributes, though very
slightly, to deep VB and CB states (see the magnified contribution of the MA cation to the DOS in
Figure 4a). Figure 5e,f presents the probability density distribution of NAC magnitudes for all pairs of
states along the MD trajectories. Most of the NAC values are less than 1 meV, with a smaller
probability of larger NACs in the range of 2-4 meV. The distribution shifts slightly to the larger value
at the higher temperature. The NAC that couples the VBM and the CBM decreases at the higher
temperature, in contrast to the average behavior of NAC for transitions inside the bands. The decrease
can be attributed to the smaller displacements and decreased anharmonicity of the Pb and I atoms,
Figure 2. The band edge states are localized exclusively on the atoms of the inorganic lattice, and the
reduced motions of these atoms are responsible for the smaller NAC. The changes in the NAC at
different temperatures should induce modifications in both intra-band charge relaxation and electron-

hole recombination across the bandgap.



Page 19 of 37 Inorganic Chemistry Frontiers

NAC (meV) NAC (meV)
10 1o
(a)
> .. 3
T o0
= : 6
m sk
-
N :
- -0
BEJ= 2
20 .4} 1 1 | L ! L 0
<200 -15 -1 -3 [} 5 1 -20 -5 -10 -5 0 5 10
iin VBM+i 1in VBM +1

NAC (me¥)
NAC fme¥)

(e} U

Counts
Counts

] 1 2 3 4 0 1 2 3 4
NAC (meV) NAC (meV)

Figure 5. Thermally averaged absolute nonadiabatic couplings (NAC) (a,b,c,d) and their distributions
(e, f) for all pairs of states sampled over the MD trajectories at 100K (a,c,e) and 300K (b,d,f). Parts
(c,d) focus the region near the band edges, with the red bar denoting the VBM-CBM NAC. VB states
are coupled to each other more strongly than CB states because the VB DOS is higher than the CB
DOS, Figure 4. Higher temperature generally enhances NAC between states inside VB and CB;
however, the VBM-CBM NAC is weaker at the higher temperature. The NAC distribution is shifted

slightly toward larger values above 2 meV at the higher temperature, (f) vs (e).

Finally, we investigate the carrier relaxation processes, as defined in Figure 1, using the state-of-
the-art theoretical methodologies developed in our group. The data for the electron/hole cooling and
electron-hole recombination processes are shown in Figure 6a,b and 6c¢,d, respectively. To facilitate

the comparison, the initial states of the carrier cooling processes correspond to an energy of ca. 0.5 eV
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below or above the VBM or the CBM. The simulated hot carrier cooling times are a few hundreds of
femtoseconds, falling within the range reported experimentally. Hot holes relax faster than thot
electron, while elevated temperature accelerates both electron and hole relaxations (Figure 6a,b). The
reported timescales are obtained by exponential fitting of the NA-MD simulation data. The cooling
time decreases from 614.9 fs to 284.8 fs for electrons and from 313.4 fs to 105.2 fs for holes between
100K and 300K, in agreement with the transient absorption spectroscopy characterization of
temperature-dependent carrier intraband relaxation by Diroll.!® This can be explained by the stronger
NAC within the VB and CB state manifolds at the higher temperature (Figure 5). The temperature-
induced acceleration of carrier cooling observed in hybrid perovskites follows the same trend as
electron-vibrational relaxation in most metals and semiconductors, which show faster intraband
relaxation with increasing temperature.!® The simulated timescale of nonradiative electron-hole
recombination is several nanoseconds (Figure 6¢), which is also in agreement with experiment.? In
contrast to the intraband carrier relaxation, the electron-hole recombination slows down by a factor of
ca. 2 at the higher temperature, which can be ascribed to the smaller NAC between the VBM and the
CBM (Figure 5c¢,d) and a slightly larger bandgap (Figure 4c). The elastic electron-vibrational scattering,
characterized by the pure-dephasing time (Figure 6d) is also slower at 300K (Figure 6d). Such
anomalous temperature-dependence of the nonradiative charge recombination is also consistent with
experiment.!? The slower charge recombination observed at the higher temperature is particularly
important for PSC performance, because solar cells heat up under sunlight, and longer charge carrier

lifetime is critical for approaching the Shockley-Quisser efficiency limit.
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Figure 6. Evolution of excited state populations of hot electrons (a) and holes (b) with the excess
energy of ca. 0.5 eV. Higher temperature accelerates both electron and hole relaxation. Nonradiative
electron-hole recombination (c). The recombination takes nanoseconds and is slower at the higher
temperature due to the smaller nonadiabatic coupling, Figure 5c,d. Pure-dephasing functions for the
lowest-energy electronic excitation (d). Pure-dephasing characterizes elastic electron-phonon
scattering. The inverse of the pure-dephasing time gives the homogeneous single-particle optical
linewidth. Both inelastic (relaxation) and elastic (pure-dephasing) electron-phonon scattering involved
in the electron-hole recombination, parts (c) and (d), are slowed down at the higher temperature, due

to reduced motions of the Pb-I lattice, Figure 2.

Nonradiative relaxation across large energy gaps in the current and other systems occurs by NA
transitions, rather than by an adiabatic thermally activated barrier crossing, because the geometry
distortion needed for the initial and final electronic levels to cross requires a very large amount of
energy and is highly unlikely. For this reason, if a rate formula is needed, the Fermi golden rule is

more appropriate than a Marcus theory expression for a thermally activated process.’> The NA
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transition rate is temperature dependent because the NAC involves atomic velocity, which changes
with temperature, and because the Franck-Condon factor, whose time-domain analog is decoherence,3¢
evaluated in the present calculations, also depends on temperature. Since crossing of the initial and
final electronic energy levels for the nonradiative charge recombination across the bandgap is very
unlikely, NA transitions happen away from the crossings. The NAC for transitions across large gaps
is small, since it is inversely proportional to the energy gap. For this reason, the electron-hole
recombination across the bandgap requires nanoseconds and is much slower than the sub-picosecond
intraband charge relaxation. In comparison, a Marcus theory estimate for the rate of a thermally
activated electron-hole recombination across the bandgap would produce a very small number, on the
order of 10-3%s!.

Multiple arguments have been put forth in order to rationalize the long carrier lifetimes in MHPs.
In addition to the effects discussed here, other microscopic mechanisms include formation of polarons
and ferroelectric domains, and the Rashba effect have been proposed. Polaron formation and
ferroelectric domains are related to orientation of the organic cations and structural distortions of the
inorganic lattice. Ferroelectric domains arising from stable and relatively large-scale distortions of the
system structure help separating the electrons and holes, thus decreasing their interaction.” Formation
of polarons, by rotation of the organic cations and structural distortion of the lattice, screens photo-
generated or injected charges, also reducing their interaction.®® The Rashba effect can cause the lowest
energy excited state to attain a significant triplet character, decoupling it from the singlet ground state,
and slowing down the excited-to-ground state decay.?® The effects discussed in the present work are
distinct from these mechanisms in general. One can draw an analogy between the enhanced rotation

of the organic cations that assists in formation of large polarons and charge screening, and the enhanced
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rotation of the organic cations that suppresses motions of the inorganic lattice, both phenomena
extending the charge carrier lifetimes. Ferroelectric domains are ruled out in the current case because
their formation requires alignment of the organic MA cations, and they are known to rotate relatively
freely in MAPDI; at ambient temperatures.

Point defects are abundant in MHPs and often introduce states inside the bandgap, as well as states
inside the VB and CB. Because MHPs are soft, compared to the traditional inorganic semiconductors,
such as Si or CdSe, thermal fluctuations can have a strong influence on defect energy levels.”'~*3 Mid-
gap defects, which are considered to be shallow based on electronic structure calculation performed
on the optimized crystal geometry, can be changed into deep states by thermally induced atomic
fluctuation. Conversely, deep defects, as judged on the basis of the electronic structure at OK, can
become shallow because of the thermal fluctuation.®’=*3 Such dynamic behavior becomes more
pronounced as temperature increases. The thermal influence on defect energy levels has several
important implications for the charge carrier dynamics and light harvesting. Fluctuation of defect
levels between shallow and deep states both accelerates charge trapping, and allows charges to escape
back into bands, if defect energy levels approach band edges within several k57’ Such defect behavior
is distinct from the Shockley—Read—Hall (SRH) interpretation of defect levels in the traditional
semiconductors.”* In the SRH description, defect state energies are assumed to fluctuate little at a finite
temperature, and trapped charges cannot escape back into bands. Defects that act as strong charge
recombination centers in the SRH model may be less detrimental in the softer halide perovskites. A
defect level fluctuating over a broad energy range can extend light absorption into the red region of

the solar spectrum, improving light harvesting.
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4. Conclusion

We have studied the nonradiative relaxation dynamics of charge carriers of the MAPbI; perovskite
using NA-MD simulations combined with time-domain DFT. The simulations show that an elevated
temperature enhances the rotation of the MA cations, leading to a large steric hindrance that suppresses
fluctuations of the Pb-I lattice. We quantified the anharmonicity of MAPbI;, and found that the
anharmonic effect is strong in this class of materials, as compared to the traditional semiconductors.
The anharmonicity can be attributed to both the softness of the material, and coupling of rotations of
the organic cations with fluctuations of the inorganic lattice. The latter factor is further supported by
the decreased anharmonic score of the inorganic atoms when the MA cations are artificially frozen in
the simulations. Furthermore, the anharmonicity of both Pb and I atoms weakens with the increasing
temperature. This can be attributed to the overall reduced amplitudes of motions of the Pb and I atoms
at higher temperature that are hindered by the fast cation rotations. The hydrogen-bonding interactions
between the MA cations and the iodines in the lattice are weakened at higher temperature, since the
MA cations rotate more and are dynamically disordered. The observed orientation motion of the MA
cation and fluctuations of Pb-I lattice at varying temperatures is related to the excellent photovoltaic
performance of hybrid perovskites. We demonstrated that the MAPbI; perovskite exhibits opposite
temperature dependence of hot electron and hole relaxation, and electron-hole recombination. Elevated
temperature increases the carrier cooling rate, but slows the nonradiative charge recombination across
the bandgap, in agreement with experiment. The latter result is important for reaching good solar cells
performance, since solar cells can be heated up by the solar radiation during their operation. Such
peculiar behavior is rationalized by the opposite trends in the temperature dependence of the NACs

responsible for intraband charge relaxation and interband charge recombination, stemming from the



Page 25 of 37 Inorganic Chemistry Frontiers

different dependence of fluctuations of the organic and inorganic components on temperature. The
detailed atomistic insights into the temperature-dependent charge carrier relaxation in the MAPbI;
perovskite, originating from the complex interplay between rotations of the organic cations and
fluctuations of the inorganic Pb-I lattice, provide valuable guidelines for further optimization of the
photovoltaic response of PSCs. In particular, the increased charge carrier lifetimes at higher
temperatures is rather unique to hybrid organic-inorganic perovskites, allowing them to maintain
excellent performance even when heated under operating conditions. Atomistic understanding the
mechanism underlying this important property guides design and discovery of other efficient and

inexpensive materials for optoelectronic and solar energy devices.
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