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Abstract

Metal halide perovskites, of general formula ABX3, show a complex interplay of the inorganic BX3
sub-lattice and the organic/inorganic A-site cations, which likely determines some of their peculiar
optoelectronic properties. Comprehension of the physics underlying this interaction may reveal
further means of fine-tuning their optoelectronic response. Here, we investigate in depth
charge/lattice interactions associated to the formation of polarons in different models of the
prototypical CH3NHsPbls perovskite through advanced electronic-structure calculations. We
demonstrate that charge localization, while induced by the disordered dipolar field of the organic
cations, is only stabilized by distortions in the inorganic sub-lattice. Polaron hopping between
neighbouring minima is related to the random reorientation of the organic cations and occurs via a
delocalized transition state. Our simulations highlight a struggle between thermally induced
disorder, driven by the motion of A-site cations, and polaron stabilization within the BX3 sub-
lattice, which explains the simultaneous low mobility and high diffusion length of charge carriers in

lead-halide perovskites.
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Metal halide perovskites have represented a major breakthrough in photovoltaics, with efficiencies
rivalling those of established silicon-based solar cells.*® The electronic and optical properties of this class
of materials are intriguing and puzzling at the same time, thus motivating the large efforts devoted to
explain them.**® For example, while the recombination of photogenerated carriers is as slow as those
measured for the best inorganic crystalline materials such as GaAs,'™™> 17 the mobility of these carriers is
indeed modest. 8

The slow bimolecular recombination between electrons and holes in the archetypal methylammonium
lead iodide perovskite, CH3sNH3Pblgs, is an intrinsic property for which different explanations have been
proposed. Early studies have suggested a key role of the organic cations in either (i) determining a
different nanoscale localization of the valence and the conduction band-edge states!® % or (ii)
contributing to an exciton screening mechanism.?: 22 More recently, a different interpretation of this
phenomenon has been proposed, based on polaron formation.?>?8 In this context, the role of the organic
cation has been somehow scaled down. In fact, measurements have shown that (i) polaron formation
occurs on the sub-picosecond timescale,?® * thus being much faster than the rotation of the organic
cations,®" 32 which takes place on a several picoseconds time scale; and (ii) bimolecular recombination
coefficients for CsPbls are comparable to those of related perovskites bearing organic cations.®® In line
with this picture, first-principles molecular dynamics simulations of the fully inorganic CsPbls revealed
the occurrence of a disordered A-site cation environment similar to that observed in CHsNHsPblz 3 %
Simulations have also shown that, upon photoexcitation, electrons and holes become spatially separated.*
Such a separate localization reconciles the measured low recombination rates with the polaronic nature of
the charge carriers.?® % In fact, previous measurements and calculations of phonon dispersion have
suggested that recombination in hybrid lead halide perovskites follows a classic band-structure
picture for polar inorganic semiconductors (e.g. GaAs).*® 3" Theoretical models based on band-to-
band transitions has been used to calculate bimolecular recombination rates in excellent agreement

with the experiment,®® a result which would be dramatically altered by the inclusion of polarons.?®



However, the increased effective mass of polaronic charge carriers, that should favour
recombination, is compensated by the lowered overlap of the charge carriers.* The spatial separation

of polarons has been recently invoked also as a possible cause to reduced recombination at defects.®®

Charge localization is found to be mainly induced by the structural reorganization of the inorganic sub-
lattice, with a limited contribution of the dipolar field associated with the organic cations, in both first-
principle simulations and tight-binding models.* * However, recent experiments have highlighted a
remarkable correlation between the diffusion length of charge carriers and the rotational time of organic
cations within the inorganic cage. In particular, CH(NH.)2Pbls, bearing the faster-rotating
formamidinium cation, exhibits a significantly longer diffusion length of charge carriers than
CHsNH3Pbls,*> %0 thus motivating a renewed interest towards the role of the A-site cations in the physics

of metal-halide perovskites.

The low mobility of charge carriers in perovskites has been recently related to the properties of large
polarons distributed over several unit cells.*! In particular, large-scale atomistic simulations suggested
that polaron hopping is induced by the dynamic disorder of the organic cations in CHsNH3sPbls.
Furthermore, the interplay between the vibrations of the inorganic lattice and the random rotation of the
organic cations was estimated to approximately half the mobility of charge carriers.** Alternatively, a
model based on ab initio calculations correlated the poor mobility of charge carriers in CHsNH3sPbls with
the low frequencies of Pb-I vibrations, and therefore the high thermal activation of phonons* However,
hole and electron polarons were found to hop from one localization site to another on a sub-picosecond
time-scale in molecular dynamics simulations, a result apparently contrasting with the low mobility

usually associated with charge carriers in metal-halide perovskites. %38

Overall, while significant progress has been achieved in the study of the optoelectronic
properties of this class of materials, there are still fundamental questions that remain unanswered. In

particular, while the occurrence of polarons in CH3NHsPbls and other lead-halide perovskites has



been demonstrated by both theory and experiments,* 2% 43 the distinct role and the complex interplay
between the inorganic sub-lattice and the A-site cations, whether organic or not, still eludes a
comprehensive characterization. In fact, even if distortions in the inorganic sub-lattice stabilize the
localized charge, such a localization might be inaccessible in absence of a disordered dipole field
generated by the A-site cations. Furthermore, the mechanism by which these polarons move from
site to site in the material is still unclear: once a structural distortion has stabilized the polaron in a
region of the inorganic sub-lattice, how this quasi-particle escapes from this local minimum and
what is the role of the randomly oriented cations remain to be clarified.

In this Letter, we quantitatively discern the contributions to charge localization and
stabilization due to the inorganic lattice and the organic cations in the prototypical CH3NH3PDbl3
perovskite. In particular, we perform Density Functional Theory (DFT) calculations on a set of
structural models with a different orientation of the organic cations. Our results indicate that, while
charge localization is indeed thoroughly correlated to the orientation of the organic cations,
stabilization is mainly attained by local distortions in the inorganic sub-lattice. Considering that the
organic cations themselves are only marginally influenced by the presence of charges, this suggests
that polaron formation in lead halide perovskites is guided by the chaotic and disordered dipolar
field generated by the A-site cations, which may favour localization in a given region of the
material. We calculate energy barriers of 150 and 80 meV for hole and electron polaron hopping in
adjacent localization sites, respectively. These values (i) are comparable to the calculated
stabilization energy of the polarons, with hopping being accomplished by a charge-delocalized
transition state, and (ii) lead to drastically lower hopping frequencies than those observed in
molecular dynamics simulations. Recalculation of the energy barriers in absence of A-site cations
suggests their key role in the hopping mechanism, thus explaining both the correlation between

diffusion lengths and rotation times and the low mobility of charge carriers experimentally measured.



We carry out hybrid DFT calculations by employing the PBEO functional** # for different
structural models of tetragonal CH3NH3sPbls. The fraction of Fock exchange o is kept fixed at its
original value (0.25), since it has been found to comply with the Koopmans’ condition.*® This
ensures that the calculations are not biased by the self-interaction error,**” “¢ which would alter the
energetics of the system [(cf. Supplementary Information (SI) for the calculation of the polaron
binding energy]. We include non-local van der Waals interactions through the rvV10 scheme.*® %
All calculations are carried out with the freely-available CP2K suite of codes.>* Goedecker-Teter-
Hutter pseudopotentials are used to account for core-valence interactions.®> We use double-{
polarized basis sets for the wave functions® and a cut-off of 300 Ry for the expansion of the
electron density in plane waves. We employ the auxiliary density matrix method to speed up the
calculation of exact exchange in hybrid functional calculations as implemented in CP2K with the
cFIT auxiliary basis set.>* Calculations are performed on different structural configurations of a
384-atoms 2x2x2 supercell with lattice parameters a = b = 17.72 A, ¢ = 25.32 A, corresponding to
the experimental structure.®® The results achieved with this computational setup have been

benchmarked against calculations performed on larger supercells, as reported in the SI.
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Scheme 1. Schematic representation of the stabilization energy of polarons, as defined in the main text.

We first aim at describing the nature of the localization and of the stabilization of hole and electron
polarons in CH3NH3Pbls. To this end, we perform structural relaxations in the presence of an extra
positive or negative charge and. For each system, we calculate the stabilization energy, defined as
follows: EX = EX' — EX', where EX? is the total energy of the supercell upon vertical injection of
the positive or negative charge into the neutral system and EX?! is the total energy of the charged
supercell, upon structural relaxation. Electrostatic finite-size effects appearing for calculations of
charged periodic supercells are here neglected due to the large dielectric constant of CHsNH3sPbls.>®

The calculated quantities are schematized in Scheme 1.
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Figure 1. Models of tetragonal CHsNHsPblz employed in this work. Pb atom in grey, I in pink, N in
blue, C in cyan, and H in white. The tetragonal axis lies horizontally. For model 3, the Pb-I plane in

which localization of the hole is favoured has been shaded.
We calculate the stabilization energy, EZ, from three different structural models:

(i) the most stable structural model of tetragonal CHsNHzPbls, 1 in Fig. 1.5 This model
reasonably represents the tetragonal structure of CHsNH3Pbls at low temperature, but above
the phase transition to the orthorhombic phase;

(i) structural configurations extracted from ab initio molecular dynamics (AIMD)
simulations with extra holes and electrons, 2 in Fig. 1. These provide us with a reliable
model of hole and electron polarons at room temperature, thus including both the
disorder induced by the rotation of the cations and thermal disorder of the lattice.

(iii)  a structural model, 3 in Fig. 1, in which the organic cations are all oriented towards a

selected Pb-I plane. This model is built to maximize the dipole field of the A-cations.

A summary of the results is collected in Table 1. For structure 1, we calculate small stabilization
energies for both hole and electron (Ef = 13 meV, E; = 9 meV). In fact, in absence of a

significant dipolar or thermal disorder, charges are found to be delocalized in the respective band-



edge states (cf. Fig. 2). In contrast, structure 2 features larger values for both E} and E;, which
amount to 130 and 90 meV, respectively, as calculated from averages over five different
configurations, equally spaced in time by 500 fs, sampled during the AIMD trajectory. In this case,
the extra charges are found to be localized forming large polarons. For example, the hole polaron
(cf. Fig. 2) localizes on a Pb-1 plane, following a distortion of the inorganic lattice in the plane
which brings to a contraction of Pb-1 bonds, in accord with the antibonding nature of the valence
band edge states.* *® The stabilization energy for structure 3, in which charge separation induced by
the dipole field is enhanced by construction, is comparable to those obtained for the AIMD-derived
structures, with Ef = 110 meV and E; = 60 meV. It should be noted that the total energy
difference between systems 3 and 1 for the relaxed neutral structures, AE, = E,(3) — E,(1), 15580
meV.>" Therefore, structure 3 is noticeably less stable than the corresponding structure 1. This
implies that achieving a specifically ordered orientation of the A-site cations is energetically (and
entropically) expensive. When adding an extra charge to model 3, we observe formation of a
polaron upon structural relaxation, similarly to that achieved for structure 2 (cf. Fig. 2). The
calculated total energy difference between structure 3 and 1 for the positively charged systems,

AE} = EF(3) — E;f (1), is 260 meV, a value reduced by 280 meV, compared to AE,..

Table 1. Calculated values of stabilization energies (meV) for hole and electron polarons for
different structural models of tetragonal CHsNHsPblz. The value in parenthesis for structure 3 is

calculated from structural relaxation of the sole methylammonium cations.

Structure E} Es
1 13 9
2 140 90
3 110 (4) 60




Figure 2. Isodensity representation of the extra hole (in purple) and the extra electron (in green) after
structural relaxation for the three models of tetragonal CH3sNH3Pbls employed in this work. Pb atom in

grey, | in pink, N in blue, C in cyan, and H in white. The tetragonal axis lies horizontally.

In 3, hole (electron) localizes on the Pb-1 plane to which the carbon (nitrogen) atoms of the
methylammonium cations are pointing (cf. Fig. 3). This further demonstrates how charge
localization is intimately related to the orientation of the organic cations, as previously suggested.>’
In order to verify whether the orientation of the dipole is also sufficient to stabilize the polaron or
not, we perform a constrained structural relaxation of the positively charged structure 3. In this
calculation, the atoms belonging to the inorganic sub-lattice are frozen to their position in the
respective neutral system and only methylammonium cations are allowed to move. We then
recalculate EJ, finding a value of 4 meV: polaron stabilization essentially vanishes even for a
model system created to emphasize the dipole field of the organic cations. Therefore, the energy
gain in polaron formation can be unambiguously attributed to the distortions in the inorganic sub-

lattice. Such distortions, however, are found to be clearly guided by the orientation of the
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methylammonium cations, thus indicating a synergistic mechanism for polaron formation and
stabilization. The dipole field generated by an ordered orientation of cations, as observed in
structure 3, locally pins band edges in the inorganic plane to which the dipoles point. Notably, in
structure 3, the ordered alignment of cations destabilizes the valence band maximum (VBM) of 220
meV in the neutral perovskite compared to structure 1, leading to a reduction of the band gap. The
VBM up-shift observed in structure 3 leads to a local decrease of the ionization potential and to a
larger stabilization of the hole polaron compared to structure 1. This evidence is further confirmed
by the comparison of total energies of structures 1 and 3 in their positive charged state when the
lattice is frozen at the respective neutral equilibrium geometries, AE;_yo = E/_ya(3) — E;_ya (D).
We calculate AE;" \, = 370 meV to be compared with AE, = 580 meV. Therefore, the sole dipole
field is found to reduce the energy difference between these two structures by almost 210 meV, a

value comparable with the observed energy shift of the VBM in the neutral systems.

Overall, the results of calculations performed on models 1 and 3 clearly indicate that polarons
should not form at 0 K. However, structural configurations bearing the dipolar and thermal disorder,
which promotes polaron formation, are available at room temperature (model 2). This physical
picture is also consistent with the higher bimolecular recombination rates that have been measured
for the orthorhombic phase of CHsNH3Pbls®, stable at low temperature, for which thermal energy is

not sufficient to induce disorder in the material.

Next, we describe the hopping mechanism of hole and electron polarons in MAPDIs. It has been
previously shown that hole (electron) polarons hop from one localization plane (chain) of Pb-I
atoms to another on a sub-picosecond time-scale.* This time scale is indeed typical of valence and
conduction band edges fluctuation retrieved by AIMD simulations.?° Here, for both type of polarons
we pick the two structural configurations closest in time for which localization of the charge occurs

in adjacent sites [cf. Fig. 3 (a)]. For each structure, we perform a structural relaxation in presence of
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the charge and we verify that the polaron localization is retained. In this way, thermal effects do not
influence the total energies of the two models, which are found to differ by less than 20 meV. Then,
we employ a modified version of the linear transit method®® to construct intermediate structures

connecting the two limiting structures along a linear path (cf. Sl).

For hole polaron hopping, we estimate an energy barrier of 150+10 meV, considering the average
of the values calculated from the two different end points. [cf. Fig. 3 (a)]. This is very close to the
calculated value of EE for the respective models. In fact, inspection of the wave function of the
structure corresponding to the energy maximum along the linear path [cf. Fig. 3 (a)] indicates that
hopping of the polaron is achieved through a partly delocalized state in which the hole is shared
among adjacent Pb-1 planes. An energy barrier of 80£10 meV [cf. Fig. 3 (b)] is calculated for
electron polaron hopping, a value in accord with the lower stabilization of this polaron in the
material and again consistent with a physical picture in which hopping occurs through a semi-
delocalized state among adjacent localization sites. It should be noted that spin-orbit coupling
(SOC) significantly contributes to the electronic properties of CHsNHsPbls.” 1 On this regard, the
effect induced by SOC on valence band-edge state is rather limited,> ensuring that the properties of the
hole polaron are properly captured by our computational approach. In contrast, the position of the
conduction band-edge states is noticeably influenced by SOC. " 1° However, previous studies have
shown that the introduction of SOC have negligible effects on polaron localization* and on the calculated
stabilization energies.®® Therefore, the present estimate of the hopping barrier, based on total-energy

differences, should only be marginally affected by the SOC effects.

The calculated energy barriers can then be used to estimate the thermally activated hopping rate

(knop) from transition-state theory:

_AE
khop = Ae kBT
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where AE is the calculated energy barrier and A can be defined as a frequency of the phonons
involved in the charge transfer process. If we consider an upper bound for A = vp,_; i.e. the
stretching frequency of Pb-1 bonds in CH3NHsPbls (~100 cm™ from previous studies®’ 563 we
estimate hopping frequencies k~10"° st and ~10! s for hole and electron polarons, respectively.
This corresponds to sub-nanosecond dynamics, up to 2-3 orders of magnitude slower than the sub-
picosecond hopping time-scale observed in MD simulations.* ® This discrepancy clearly indicate
that the rearrangement of the Pb-1 sub-lattice alone cannot explain the dynamics of polaron hopping
in CH3NHz3Pbls. To get further insight, we recalculate the energy barriers along the same hopping
pathway but removing the organic cations from the simulation. In these calculations, the total
charge of the supercell is determined by the number of missing cations but we still keep a hole
(electron) in the valence (conduction) band edge. The results collected in Fig. 3 (dashed lines)
illustrate an inversion of the energy barrier for both hole and electron polarons: the polaronic states
are now found to be at higher energy with respect to the semi-localized states pertaining to the
intermediate models. The inverted barrier for the hole polaron is somewhat smaller (90£10 meV), in
absolute terms, than that calculated for the original system containing methylammonium cations,
while for the electron polaron it is slightly larger. This can be associated to the larger distortions in
the Pb-I framework observed for the electron polaron.* Overall, these results show that polaronic
structures are only favourable when the distortion in the inorganic lattice is coupled to the dipole
field generated by the A-site cations. Therefore, the inorganic sub-lattice would rather support
delocalized electronic states, in line with common inorganic semiconductors such as GaAs, but
charge localization is essentially enforced by the A-site cations. Furthermore, from this analysis, the
hopping appears to be related to the rearrangement of the organic cations. In this framework, at
room temperature fluctuations of the dipole field attained on very short time-scales can induce the

migration of the polaron in a different part of the inorganic sub-lattice. The latter, being soft, is also
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significantly subject to thermal disorder and hence can easily localize again the charge in the region

“indicated” by the instantaneous orientation of the organic cations.

In order to confirm the origin of the fast polaron hopping, we perform an ab initio MD simulation in
presence of an extra positive charge of a modified CHsNH3Pbls in which the mass of the hydrogen atoms
has been increased twelvefold. In this way, CH3NHs" cations are noticeably weighted down, thus
possibly affecting the amplitude and the frequency of the fluctuations, which we indicate to be
responsible of polaron formation and hopping. The MD simulation is carried out in the NVT ensemble,
the target temperature is set to 300 K and is controlled by a Nosé-Hoover thermostat.?® ¢ A time step of

0.5 femtoseconds is employed and the MD is carried out for 5 ps.

The starting configuration of the simulation is model 1, for which no hole polaron has been observed
upon relaxation, because of the absence of a net dipole field. The same model was found to form
polarons in less than 1 ps of MD.* Furthermore, the polarons have found to hop frequently from one
localization plane to another [e.g. the hole polaron in Fig. 4(a)]. At variance with that, the hole polaron is
formed only after two picoseconds of MD for the “heavy” CH3NH3Pblz system. Furthermore, the hole is
remarkably less mobile, as it remains localized on the same Pb-1 plane orthogonal to the tetragonal axis
throughout the rest of the simulation with only a few cases in which the charge is shared with an adjacent
plane [cf. Fig. 4 (b)]. To rationalize these results, we analyse the distribution of the orientations of
CH3NHg3" cations for the regular and “heavy” CH3NHsPbls. In particular, we consider (i) the angle ¢
formed by the CN axis with the ab plane and thus representing the tilting of the molecule with respect to
the ¢ axis and (ii) the angle 8 between the projection of the CN axis on the ab plane and the a axis. For
structural model 1 the average value of ¢ and 6 is 180° and 0°, respectively, since the orientation of the
cations is alternated (cf. Fig. 1). Distributions of the average values of ¢ and 8 during the MD provides
information on the dipole field induced by the organic cations and on its variations. Figures 4 (c) and (d)

clearly illustrate larger changes in the dipole field for regular CH3NH3sPbls, as broader distributions are
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observed for both ¢ and 6. In contrast, the “heavy” CH3NH3sPbls features only exiguous changes in ¢
and 6 along the MD trajectory (cf. Sl for time-evolution of the orientation for a selected CH3NHz"), a
consequence of the increased weight of the methylammonium cation. This in turn slows down both
polaron formation and hopping, as rearrangements of organic dipoles favouring charge localization and

hopping are more difficult to attain when the rotational and vibrational modes or CHsNHs" are damped.

The present results also allow us to rationalize the observed correlation between diffusion lengths and
rotation times of cations. In particular, longer diffusion lengths have been measured for CH(NH_)2Pbl3,%2
a material for which polaron formation has also been predicted.®® In fact, the formamidinium cation is
less polar and forms weaker hydrogen bonds. This allows for faster fluctuations [cf. SI for a comparison
between CH3NH3" and CH(NH2)*] which may favour the separation of the charge carriers and enhance
their diffusion length, as experimentally observed.3>“° Furthermore, we notice that polaron formation has
also been observed for fully inorganic perovskites, such as CsPbls.? % For this system, the measured
polaron formation time is more than doubled compared to that of CH3sNHsPbls 2 In this case, the field-
induced charge separation is given by the displacement of the Cs" ions, which is much slower than the
rotation and the libration of organic cations. Overall, the random motion of the A-site cations explains
both (i) the occurrence of polaronic energy levels inside the band gap of lead iodide perovskites and
(i) the hopping of polarons from one site to another through a semi-localized state. Finally, it
should be noted that organic cations themselves appear to be only marginally affected by the
presence of extra charges* and by the application of an external electric field.%* % Therefore,
hopping can be fast but still random as the motion of the cations which promote it, thus
qualitatively explaining the measured low mobility of charge carriers observed for lead halide
perovskites. We note that, while a band conduction model might be also invoked to explain charge
diffusion, it would however ignore the polaronic nature of charge carriers which has been

experimentally demonstrated and would not provide an interpretation of the measured low mobility.
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In conclusion, we studied the electronic structure of polarons in different structural models
of tetragonal CH3NH3PDbls. Our results allow us to determine the origin of both charge localization and
stabilization in this material. While the former was found to be induced by the dipole field generated by
the organic cations, only rearrangements in the inorganic sub-Ilattice provide the energetic stabilization to
form polarons. Based on the same models, we studied the mechanism of polaron hopping and calculated
the hopping energy barriers of 150 and 80 meV for hole and electron polarons, respectively. These values
are consistent with the calculated stabilization energy for the respective models, in accord with the semi-
localized nature of the charges at the transition state. Analysis of the energy barriers reveals that these
arise mainly from the rearrangement of the organic cations. This allows us to explain the observed
correlation between diffusion lengths and rotation times of cations, as faster cations enable a more rapid
change of the dipole field associated to the hopping. Furthermore, the low mobility of charge carriers
observed in experiments is connected the non-directional nature of polaron hopping, due to the random

motion of the organic cations.
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Figure 3. Reaction energy profile illustrating (a) the hole diffusion through adjacent Pb-1 planes and (b)

the electron diffusion through adjacent Pb-1 chains of atoms. Isodensity representations of the

wavefunctions are given for the polaronic structures (P1 and P2) and for the transition state (TS). Dotted

grey lines represent the energy diagrams achieved from calculations in which the methylammonium

cations have been removed (cf. main text).
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Figure 4. Hopping of the charge localization during the molecular dynamics of the extra hole for

regular (a) and “heavy” (b) CH3sNH3sPblz. The hole density localizes in planes of the inorganic sub-

lattice orthogonal to the tetragonal axis (labeled 1z to 4z). Cyan circles highlight configurations in

which the hole is shared among adjacent planes. Distribution of the average ¢ and 6 angles for

regular (blue dotted lines) and “heavy” (red solid lines) CH3sNH3zPblz are given in panel (c) and (d),

respectively.
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