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Abstract:

Metal halide perovskites (MHPs) have attracted strong interest for a variety of applications due to their
low cost and excellent performance, attributed largely to favorable defect properties. MHPs exhibit
complex dynamics of charges and ions that are coupled in unusual ways. Focusing on a combination of
two common MHP defects, i.e., a grain boundary (GB) and a Pb interstitial, we develop a machine learning
model of the interaction potential, and study structural and electronic dynamics on a nanosecond timescale.
We demonstrate that point defects at MHP GBs can create new chemical species, such as Pb-Pb-Pb trimers,
that are less likely to occur with point defects in bulk. The formed species create structural instabilities in
the GB and prevent it from healing towards the pristine structure. Pb-Pb-Pb trimers produce deep trap
states that can persist for hundreds of picoseconds, having a strong negative influence on charge carrier
mobility and lifetime. Such stable chemical defects at MHP GBs can only be broken by chemical means,
e.g., introduction of excess halide, highlighting the importance of proper defect passivation strategies.
Long-lived GB structures with both deep and shallow trap states are found, rationalizing the contradictory

statements in literature regarding MHP GB influence on performance.

Keywords: All-inorganic CsPbBr; perovskite, grain boundary, lead interstitial, electron-hole

recombination, charge traps, machine learning force field.
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1. Introduction

Metal halide perovskites (MHPs) have attracted strong attention in recent years due to their excellent
properties, such as high charge carrier mobility,!-* long electron-hole diffusion,*® intrinsic defect
tolerance,” and low cost of fabrication.!%!> These properties make MHPs a promising material for
optoelectronic and photovoltaic applications.!3-1? Solar cells based on MHPs have reaches an outstanding
power conversion efficiency exceeding 25%.%% 2! The crystal structure of MHPs creates rich opportunities
for material modification and optimization, and as a result, exploration of MHPs has gone into multiple
directions. Many different combinations of elements or modifications to atomic configurations are being
explored '®22-24 in order to further enhance the power conversion efficiency,'!> 23 improve stability,>3 and
replace the lead due to its toxicity.?® 27 The diversity of MHP compositions and structures give rise to an
even richer space of structural defects that can have a strong influence on material’s properties. The
situation is complicated further by the broad range of timescales observed in the molecular dynamics
(MD) of MHPs, ranging from femtosecond local vibrations to picosecond large-scale and highly
anharmonic acoustic phonons, to defect migration taking nano- to milliseconds, to structural phase
transitions, phase segregation, and decomposition that can extend into many days. Grain boundaries (GBs)
are particularly important structures,?® because most of the experimental techniques used to make and
process MHPs, such as low-temperature thermal evaporation and solution-based processing of perovskite

films,!!- 2% 30 lead to polycrystalline structures, which inevitably contain GB defects.?®-3!

Although extensive studies of GBs in perovskites can be found in the literature,*>-3 the debate about
their detrimental or benign nature is still ongoing. Some argue that GBs are harmful because they induce
nonradiative electron-hole recombination channels®® and promote charge recombination,?” 3% as
demonstrated by the influence of grain size on excited states lifetime and material efficiency.’®-4° Others
maintain that GBs play a minor role in charge and energy losses, because they create no deep trap states
and only introduce shallow defects,*!- 4? arguing that electron-hole recombination happens primarily in
non-GB regions.*? Our previous studies of a common GB in the CsPbBr; perovskite have shown that
transient deep trap states can appear in the GB region due to GB deformations occurring on timescales of
hundreds of picoseconds.**-*> The complex, multi-scale evolution of the geometric and electronic structure
of GBs rationalize the contradictory statements found in the literature and call for further investigations
on GBs in MHPs. Our previous studies focused on stoichiometric GBs.#***> The situation can be

complicated further by point defects, which behave differently in the bulk and GB regions.*¢ 47
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Thermodynamically, MHPs have low defect formation energies.® In bulk CsPbBr;, an interstitial defect
such as Pb;, and substitutional defects such as Brpy,, and Pbg, can form deep trap states*® and accelerate
nonradiative recombination and efficiency loss. The polycrystalline nature of MHPs used in many

applications necessitates the need to investigate the interplay of GB and point defects.

Most of the previous simulations of perovskite GBs have focused on well-ordered stoichiometric
GBs based on optimized structures or few picosecond molecular dynamics (MD) trajectories, because of
the computational burden of ab initio calculations.*!- 433 At the same time, GBs can be disordered and
nonstoichiometric,’? with point defects segregated.>* A more thorough study of GB properties can be
achieved using machine learning (ML) techniques.’>>® In particular, ML force fields (FFs) can be
constructed based on relatively small datasets generated by ab initio calculations>® and then used to study
GB properties on nanosecond timescales, approaching those of charge carrier lifetimes. Nanosecond
simulations can reveal slow fluctuations and evolutions of GB regions, such as backbone realignment,
angle tilting, and GB sliding, and reveal important patterns in geometric and electronic structure having a

significant influence on material properties.

In this work, we develop an ML FF of the CsPbBr; perovskite and employ it to investigate
evolution of geometric and electronic properties in the £5(210) GB containing a Pb interstitial defect (Pb;)
on a nanosecond timescale. We observe three regimes in the GB evolution, having a strong influence on
charge carrier properties. A fast, 10 ps GB reconstruction opens up the bandgap and leads to formation of
a Pb-Pb-Pb trimer that remains stable over the subsequent 1.5 ns. For 1 ns after the initial reconstruction,
the structure fluctuates, and the trimer creates a persistent but shallow electron trap. However, the trimer
creates a structural instability in the GB, and prevents it from healing. After two unsuccessful attempts
every 0.4 ns, the GB starts sliding on the third attempt at 1.2 ns, and the Pb-Pb-Pb trap state becomes deep
for several hundred picoseconds. Such persistent deep trap can have a strong negative influence on charge
carrier mobility and lifetime, and can only be eliminated by chemical passivation, e.g., with halides that
can break Pb-Pb bonds. Shallow electron trap states appear and disappear in the GB regardless of the Pb;
defects. They are localized in sub-GB regions that are jammed in unfavorable configurations. Because
such shallow traps frequently approach the conduction band, they are not particularly detrimental, since
trapped charges can escape into the band and participate in transport. The study highlights the complexity

of the structural and charge carrier dynamics in MHPs, demonstrates the need to study such dynamics



Nanoscale Page 4 of 22

atomistically on nanosecond and longer timescales, and provides important insights into the unusual

properties of MHPs.

2. Theoretical Methodology

We construct a ML FF based on the DeepMD package,>® utilizing a deep neural network to predict
the interatomic potential energy and forces, trained based on about 40,000 ab initio calculations to control
the computational cost. The Vienna ab initio Simulation Package®! is used to perform geometry
optimization and ab initio MD, and to calculate densities of states (DOS) and orbital spatial distributions.
The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional is used,®? in combination with the
projected-augmented wave method®® to describe interactions between electrons and ion cores. It should
be noted that spin-orbit coupling (SOC) is strong in MHPs, because they contain heavy elements. However,
a rigorous calculation requires both inclusion of SOC and accurate treatment of electronic exchange via
either hybrid functionals or GW theory. Such calculations are computationally expensive. Fortunately,
efficient functionals, such as PBE, exhibit cancelation of errors associated with lack of SOC and
approximate treatment of electronic exchange, and provide reasonable values of energy gaps and defect
levels.%* PBE is known to produce reliable geometries, and therefore, it is well suited for generating the
ML FF. Van der Waals interactions play an important role in determining structural and electronic
properties of MHPs, including point defects.®> The van der Waals interactions are described by the D3
method of Grimme.%® The plane-wave basis energy cutoff is set to 350 eV. A 100-atom simulation cell is
used to model the £5(210) GB in CsPbBr; containing a Pb interstitial, Figure 1. The ab initio training data
are collected from MD trajectories obtained using the I' k-point for computational efficiency. The
geometry optimization and electronic structure calculations for structures selected from the ML FF
trajectories are performed using a 3x2x1 I'-centered k-point Monkhorst-Pack mesh to increase the
precision, with more k-points corresponding to shorter simulation cell dimensions. After the geometry
optimization, we sample ab initio geometries over a wide range of temperatures by performing MD
simulations at temperatures ranging from 100 K to 1600 K. Such broad temperature range used to obtain
the training data increases diversity of atomic configurations and ensures that distortions and fluctuations
of the GB occurring on nanosecond timescales at ambient temperature can be sampled by the shorter ab
initio simulations. Lammps®’ is employed to carry MD simulations with the pre-trained ML FF. A 1.5 ns

MD trajectory is obtained in the canonical ensemble at 300 K, and the electronic structure and geometry
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fluctuation along the trajectory are examined. Single point ab initio calculations are carried out every 10

ps for the whole trajectory. Additionally, two regions, 0.497-0.503 ns and 1.150-1.153 ns, representing

different behaviors, Figure 1, are investigated in detail with a 2 fs timestep. The ab initio and ML potential

energies are compared to validate the quality of the ML FF, and the root mean squared error is calculated

to be 6.58 meV, within the recommendation accuracy.%® As shown in Figure S1, the ML predicted potential

energy closely follows the ab initio potential energy.
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Figure 1. (A) Density of states (DOS) of the unoptimized CsPbBr; £5(210) grain boundary (GB) with Pb

interstitial (Pb;). (B) DOS of the optimized system. The corresponding structures are shown in the inserts in (A)

and (B). Marked by the red dashed circle, Pb; is introduced between two Br atoms at the GB. After the

optimization, Pb; is coordinated by Br atoms and makes a stable -Pb-Br-Pb-Br-Pb- structure. (C) HOMO, (D)

LUMO, and I LUMO+1 charge densities for the optimized structure. LUMO and LUMO+1 are electron traps,

localized, respectively, on the Pb-Pb dimer present in the GB already prior to introduction of Pb;, and on the

introduced Pb;. Note that there are two GBs in the system, in the middle and at the edges. HOMO is localized on

iodines at the other GB and is a very shallow hole trap. Thus, the electron and hole are localized on different

GBs and are separated.

3. Results and Discussion
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We focus on the CsPbBr; perovskite that is stable and allows multiple morphologies, including
nanocrystals, single crystals, and bulk films. Among these, CsPbBr; nanocrystals achieve a remarkable
maximum photoluminescence quantum yield (PLQY) of 95%. In contrast, other halide perovskites, such
as CsPbl; and CsPbCls, exhibit lower PLQY values of 70% and 10%, respectively.5®- 70 CsPbl; has been
extensively studied for various applications, however, it faces significant stability challenges.’”! In contrast,
CsPbBr; is more stable at ambient temperatures. The perovskite phase of CsPbls, which is crucial for its
performance, remains stable only at elevated temperatures. Under ambient conditions, CsPbl; undergoes
an unfavorable phase transition to a non-perovskite structure. Combined with moisture exposure, this
limits severely the CsPbl; potential as an efficient material for solar cell devices. The £5-(210) and £5(210)
GBs due are known to have low formation energies,*>4° and have been reported experimentally and are
widely studied.?”-3%- 7273 ‘We focus on the £5(210) GB in the CsPbBr; perovskite and introduce a Pb; that
is known to create deep trap states in bulk regions of MHPs.*® We place the extra Pb between two Br
atoms at the GB, as shown in the insert of Figure 1A, to allow an opportunity for defect healing. Indeed,
upon geometry optimization the extra Pb atom creates bonds with more bromines, insert in Figure 1B.
The DOS of the unoptimized GB containing Pb; exhibits many trap states, both deep and shallow. The
trap states originate from under-coordinated Pb atoms and lattice mismatch at the GB, inducing multiple
dangling bonds. Analysis of the contributions of atomic orbitals to the DOS indicates that the valence
band (VB) of CsPbBrj is formed by antibonding hybridization between the Br 4p and Pb 6s orbitals, while
the conduction band (CB) is supported by the Pb 6p and Br 4p orbitals,”* with the primary contributions
to the VB and CB provided by the Br and Pb atomic orbitals, respectively. Cs atoms do not contribute to
the electronic states near the band edges, and therefore, they do not participate directly in charge transport,
trapping and recombination. Nevertheless, mechanical and electrostatic interactions between Cs atoms
and PbBr; octahedra play important roles and should not be neglected.

Most of the midgap states seen in the unoptimized system disappear after geometry optimization,
demonstrating the ability of the GB to heal, Figure 1B. Nevertheless, a shallow hole trap and two deep
electron traps remain after the geometry optimization. Parts C-E of Figure 1 show the charge densities of
these states, which correspond to the highest occupied molecular orbital (HOMO), lowest unoccupied
molecular orbital (LUMO), and LUMO+1. Note that there exists two GBs in the simulation cell, in the
middle and at the edges of the structure, due to the periodic boundary conditions. The hole trap and the
electron traps are localized on the opposite GBs, indicating that GBs, surfaces, and edges can help separate

positive and negative charges, leading to dissociation of photogenerated excitons and helping to prolong
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charge carrier lifetimes.”>-® The symmetry breaking, induced by GBs, also activate new phonon modes
that can couple to the electronic degrees of freedom.3® 76 The shallow hole trap, HOMO, is spread on
multiple Br atoms of the outer GB. The electron traps, LUMO and LUMO+1, are localized on Pb atoms
in the inner GB. The deeper electron trap, LUMO, is supported by the Pb-Pb dimer observed in the
optimized GB even in the absence of the Pb; defect,*!-4? suggesting that point defects may play minor
roles at GBs, even if they create critical trap states in the bulk.*® There is an important difference, though.
The Pb-Pb distance in the dimer seen in the optimized structure of the stoichiometric £5(210) GB is 6.3
A4 42 while the same Pb-Pb dimer distance in the £5(210) GB with Pb; is much shorter, around 3 A.
Because Pb-Pb distance correlates very strongly with the defect state energy,’®-3! the Pb-Pb dimer state is
inside the CB in the stoichiometric £5(210) GB, while it is 1 eV below the CB minimum in the £5(210)
GB with Pb;. Thus, Pb; has an important influence on GB structural properties that translate into changes
in the electronic structure. Such influence will be seen in the nanosecond evolution of the structural and

electronic properties discussed below.

The shallower electron trap is localized on the introduced Pb; atom, even though it is coordinated
by multiple bromines, Figure 1E. The situation is similar to that in bulk CsPbBr;, in which Pb; also
introduces a shallow electron trap near the CB edge, and a state inside the CB.*® Over time, the GB
undergoes significant structural evolution, and the above observations made for the optimized GB
structure undergo a significant change, highlighting the need for thorough canonical sampling of MHP

structures.
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Figure 2. (A) Illustration of the simulation process. A Pb; is introduced between bromine atoms at the GB. Within
tens of picoseconds the GB deforms by tilting, Figure 3. After fluctuating for a nanosecond, the GB slides, causing
significant changes in the electronic properties, part B. (B) Energy level fluctuations along the 1.5 ns trajectory. Ab
initio calculations are performed every 10 ps. The LUMO drops every 0.4 ns, at 0.1 ns and 0.5 ns. Then, around 1.1
ns, the GB starts sliding, and the LUMO drops in energy by over 1 eV, creating a deep trap that persists for the rest
of the simulation (yellow box). (C) Evolution of the distance between the two Pb atoms, marked by blue circles in
Figure S3. The distance decreases when the LUMO in part B becomes a deep trap. (D) Averaged fractional

coordinates of the Cs atoms marked by red circles in Figure S3.

Next, we investigate the long-time dynamics of the £5(210) GB with Pb; at ambient temperature,
Figure 2. The 1.5 ns simulation demonstrates three distinct regimes. Within 10 ps, the GB undergoes a
structural evolution, identified as tilting in Figure 3. The bonding pattern in the GB region changes
significantly, as characterized by the Pb-Pb distance and Cs atom coordinates, Figure 2C,D. During this
initial short period, the LUMO energy increases by about 0.5 eV, and the HOMO energy drops, opening
up the bandgap. Over the next nanosecond, the GB oscillates around a local equilibrium geometry. The
bandgap and Pb-Pb distance remain relatively stable, Figure 3B-C. Starting at 1.1 ns a new deformation
is observed, associated with GB sliding, as indicated by the yellow shaded regions in Figure 2. The Pb-Pb
distance shortens, and the LUMO energy decreases significantly. Importantly, the deep LUMO level

persists for several hundred picoseconds, creating a stable deep trap state. This is in contrast to the
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behavior of the same GB without the Pb; point defect,*!> 4> in which case a GB deformation leads to
formation of transient deep traps only. A closer examination of the evolution of LUMO in Figure 2B
indicates that a deep trap forms at 0.1 ns and 0.5 ns, but only for a brief time-period. After 1.2 ns, the deep
trap persists and becomes particularly deep every 50 ps. The persistence of the deep electron trap level
over hundreds of picoseconds can have a strong detrimental effect on charge carrier lifetime and mobility,

and hence, material performance.

The data presented in parts A-C of Figure S4 demonstrate that that Cs, Pb, and Br atoms fluctuate
collectively. In particular, the data identify point to atomic structure rearrangements occurring at the
beginning of the trajectory and at around 1.1 ns. Parts D and E of Figure S4 show evolutions of the
distances between the Pb atoms in the Pb trimer. Initially, the distances shorten sharply. Then, they
oscillate and shorten again after 1.1 ns, which makes the trimer mid-gap state permanent, Figure 2B. Parts
F and G of Figure S4 show the Pb pairs in the sub-boundary region. The Pb pairs tend to form split

interstitials and become undersaturated.
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Figure 3. Geometric structures of CsPbBr; £5(210) GB with Pb; at (A) 0 ps, (B) 20 ps, and (C) 40 ps after the

canonical MD simulation is started from the optimized GB. Pb; is circled with red. The left side of the system tilts
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with respect to the middle, as indicated by increase of the middle angle from 0° to 22°. The tilting is accompanied
by compression, followed by relaxation: the left side angle changes from 31° to 23° and back to 36°. Subsequently
for about 1 ns, the GB fluctuates around the configuration shown in part C, and then starts sliding, Figures 2 and
S2. The ~20 ps tilting processes distorts the -Pb-Br-Pb-Br-Pb- structure associated with Pb;, seen in the optimized
structure, part A, however, the Pb-Pb dimer creating the deep trap state, Figure 1D, persists. Eventually a Pb-Pb-Pb
trimer is formed, Figure 4, generating persistent midgap trap state that becomes particularly deep when the GB

starts sliding after 1.1 ns, Figure 2B.

Figure 3 illustrates geometric changes occurring in the GB within the first 40 ps. In the optimized
structure, part A, the system is symmetrical around the y-axis, and the Pb interstitial resides in the middle

of the GB. MHPs are soft and can undergo slow large-scale motions around defects,*!> 4% 31-83 and we

observe such behavior. By 20 ps, the structure in the middle rotates by 22°. At the same time, the structure
on the left side compresses,®* as indicated by the decrease of the corresponding angle from 31° to 25°.
Subsequently, the compression is relaxed, and by 40 ps, the angle on the left is restored back to 36°, while

the angle in the middle remains at 22°, Figure 3C.
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Figure 4. (A) Representative density of states (DOS) at 498,557 fs, selected to show mid-gap trap states. Charge
density of (B) HOMO, (C) LUMO, (D) LUMO + 1. The LUMO is a deep trap state formed by a Pb-Pb-Pb trimer

forms upon the rapid initial GB reconstruction and remains stable for a long time. The LUMO+1 is a shallow trap



Page 11 of 22 Nanoscale

level, formed by a -Pb-Br-Pb-Br-Pb- structure. It is localized in a GB sublayer rather than the GB. Although the

HOMO is localized on a few bromines, it should not be regarded as a detrimental trap state, since it is energetically

close to the VBM.
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Figure 5. (A) Representative DOS at 1,152,171 fs. Charge densities of (B) HOMO, (C) LUMO, and (D) LUMO +
1. In this example, the HOMO is energetically separated from the VBM and forms a hole trap. Both HOMO and
LUMO are localized in the same GB area, forming a bound electron-hole pair. The LUMO++1 is a shallow trap
localized in a GB sublayer, similarly to Figure 4D.
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Figure 6. (A) Representative DOS at 1,165,050 fs, showing a very deep electron trap. Charge densities of (B)
HOMO, (C) LUMO, and (D) LUMO + 1. Localized on few atoms, the HOMO is very close in energy to the VBM.
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The deep trap LUMO is formed by the Pb-Pb-Pb trimer. The LUMO+1 is localized on several Pb atoms connected
by Br atoms.

To analyze the origin of the trap states observed in the two regimes of the GB behavior, before and
after 1.1 ns, Figure 2, we study the electronic properties with a finer time resolution during the 0.497ns—
0.503ns and 1.150ns—1.153ns time-periods. Comparison of the ab initio and ML potential energies can be
found in Figure S1B-C. Figures 4 and S3 illustrate the electronic properties in the regime when deep trap
states appear only transiently. Recall that the optimized GB structure exhibits two electron traps, Figure
1B. The deeper trap arises from the Pb-Pb dimer that is present in the GB without Pb;. The shallower trap
is formed by the -Pb-Br-Pb-Br-Pb- structure involving Pb;. The situation is entirely different at ambient
temperature, Figure 4. The LUMO is a deep trap state. It is now formed by a Pb-Pb-Pb trimer that involves
Pb;, Figure 4C. Pb-Pb-Pb trimers are known to form stable chemical species.*” The Pb-Pb distances in the
Pb-Pb-Pb trimer are significantly shorter than the Pb-Pb distances in the -Pb-Br-Pb-Br-Pb- structure, and
a short Pb-Pb distance gives rise to deep traps.”-8! The LUMO+1 is a shallower trap. It is localized on
several Pb atoms that do not create Pb-Pb dimers but form a distorted structure in a sub-GB layer. The
DOS examples of Figure S5 demonstrate that the shallow traps can disappear and that the deep trap can
become shallow, however, the Pb-Pb-Pb trimer defect state always remains inside the bandgap. This is in
contrast to the properties of the Pb-Pb dimer defect in the GB without Pb;.*!- 4> Without the Pb; point

defect, the GB can heal, attaining configurations without midgap trap states.

Figures 5, 6 and S6 illustrate electronic properties from the latter part of the trajectory, after the
sliding deformation creates persistent deep trap states, Figure 1. Figure 5 presents a geometry in which
both electron and hole trap states appear inside the bandgap. The LUMO is an electron trap. It is localized
on the Pb-Pb-Pb trimer, which is split vertically due to periodic boundary conditions, Figure 5C. The
HOMO is a hole trap. It is localized on Br atoms in the same part of the GB as the HOMOS, Figure 5B.
Such configuration favors strong electron-hole interaction and can lead to rapid nonradiative charge
recombination. The LUMO+1 is localized on several Pb atoms forming a distorted structure in a sub-GB
layer, similarly to Figure 4D. Figure 6 presents a situation with very deep electron traps. Once again, the
LUMO is the deeper trap, localized on the Pb-Pb-Pb trimer involving the Pb; atom. Now the LUMO+1 is

also a deep trap, localized on several Pb atoms forming a distorted structure at the GB.
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Overall, the appearance of trap states depends on an interplay of the strain, created by structural
distortions at the GB, with formation of new, stable chemical species.” 8% 85 Pb-Pb dimers can form
relatively stable chemical bonds that are not seen in perfect MHP structures but appear in defective
structures. At low Pb concentrations, e.g., with stoichiometric compositions in the absence of Pb; point
defects, Pb-Pb bonds form only transiently, and release of the strain by GB healing towards the pristine
MHP structure. As the concentration of Pb atoms increases, e.g., with Pb; point defects, formation of Pb-
Pb bonds becomes more likely and cannot be avoided by GB healing towards the pristine structure. Similar
phenomena can occur with other point defects, such as halide interstitials and atom replacements, e.g.,
replacement of Cs with Pb. Whether or not the newly form species create midgap charge trap states
depends on the electronic properties of the species. Creation of new chemical structures becomes much
more likely at GBs, in which the pristine structure is already distorted due to strain. The trap states created
by Pb dimers and trimers generate midgap trap states that can be eliminated by excess halide atoms, which

break Pb-Pb bonds, and other chemical passivation strategies.46- 8695

3. Conclusions

We have demonstrated that point defects at MHP GBs can create new chemical species, e.g., Pb-
Pb-Pb trimers, that are less likely to occur with point defects in bulk. Depending on the electronic
properties of the species, midgap trap states can appear, and influence charge carrier mobility and lifetime.
We have also demonstrated that MHP GBs can undergo slow structural fluctuations on nanosecond
timescales, comparable to charge carrier lifetimes. Often, structural fluctuations enhance oscillations of
defect state energies, such that deep defect levels can become shallow, e.g., due to transient breaking of
Pb-Pb bonds, and trapped charges can escape into bands and participate again in charge transport. On the
other hand, point defects can create stable local structures at GBs, and result in persistent deep midgap
traps that can strongly decrease carrier lifetime and mobility. Overall, the appearance of trap states
depends on interplay between the healing of structural distortions at the GB towards the pristine structure
and formation of new stable chemical species that prevent the healing. Furthermore, such chemical species

can lead to structural instabilities at GBs and slow structural evolution.

The reported analysis has been made possible by development of a ML FF, which allowed us to
sample nanosecond structural dynamics, with subsequent ab initio analysis of electronic structure of

representative GB conformations. Development of a FF for description of MHP GBs is challenging,
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because the region is nearly amorphous, and a traditional FF or a ReaxFF may not capture all chemical
structures possible in GBs. Development of a ML FF for MHP GBs is also a challenging task, because
configurations encountered at GBs may differ very significant from equilibrium configurations in pristine

MHPs.

The structural evolution of the studied CsPbBr; £5(210) GB with the Pb interstitial defect exhibits
a fast, 10 ps component and a slow nanosecond dynamics. The fast component is associated with healing
of the local GB structure and involves GB tilting, sliding and rearrangement of chemical bonds in the GB
region. The nanosecond evolution involves GB sliding and results in formation of deep trap states that
persists for hundreds of picoseconds and strongly decrease charge carrier mobility and lifetime. Initially,
deeper traps are associated with Pb-Pb dimers that are present in the GB even without the Pb interstitial,
while shallower traps are associated with -Pb-Br-Pb-Br-Pb- type structures. After the fast GB restructuring,
a Pb-Pb-Pb trimer forms creating a deep trap. In contrast to the Pb-Pb dimer that can be broken by GB
fluctuations, the Pb-Pb-Pb trimer cannot be fully dissociated, and as result, the deep trap persists
continuously. Furthermore, the GB sliding observed after a 1 ns evolution make the Pb-Pb-Pb trimer trap
particularly deep for at least 300 ps. Other, shallow trap states associated with distorted structures are seen
in sub-boundary layers, which are jammed in unfavorable conformations. The persistent deep trap state
of the Pb-Pb-Pb trimer can only be broken by chemical means, such as introduction of excess halide that
can break Pb-Pb bonds, emphasizing the importance of developing efficient defect passivation strategies.
The nanosecond analysis of the geometric and electronic structure of MHP defects highlights that complex,

multiscale nature of MHP dynamics, and complex interplay between ion and charge dynamics.
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