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ABSTRACT: All-inorganic perovskites are promising candidates
for solar energy and optoelectronic applications, despite their
polycrystalline nature with a large density of grain boundaries
(GBs) due to facile solution-processed fabrication. GBs exhibit
complex atomistic structures undergoing slow rearrangements. By
studying evolution of the Σ5(210) CsPbBr3 GB on a nanosecond
time scale, comparable to charge carrier lifetimes, we demonstrate
that GB deformations appear every ∼100 ps and increase
significantly the probability of deep charge traps. However, the
deep traps form only transiently for a few hundred femtoseconds.
In contrast, shallow traps appear continuously at the GB. Shallow
traps are localized in the GB layer, while deep traps are in a
sublayer, which is still distorted from the pristine structure and can be jammed in unfavorable conformations. The GB electronic
properties correlate with bond angles, with notable exception of the Br−Br distance, which provides a signature of halide migration
along GBs. The transient nature of trap states and localization of electrons and holes at different parts of GBs indicate that charge
carrier lifetimes should be long. At the same time, charge mobility can be reduced. The complex, multiscale evolution of geometric
and electronic structures of GBs rationalize the contradictory statements made in the literature regarding both benign and
detrimental roles of GBs in perovskite performance and provide new atomistic insights into perovskite properties.
KEYWORDS: all-inorganic CsPbBr3 perovskite, grain boundary, electron−hole recombination, charge traps, machine learning force field

1. INTRODUCTION
Lead halide perovskites are extensively investigated for
optoelectronic and photovoltaic applications1−3 due to facile
and cheap solution-based fabrication process,1 long electron−
hole diffusion distances,4,5 high charge carrier mobility,6 high
optical absorption,7 and straightforward bandgap tuning,8,9

which have led to the outstanding 25.5% power conversion
efficiency of hybrid organic−inorganic perovskites (HOIPs).10

Though the photovoltaic performance of the optimized HOIPs
is already high, it is still below the Shockley−Queisser limit
(∼33%),11 and manipulation and control of charge traps can
help approach the efficiency limit.12 In addition, the instability
of HOIPs in the presence of moisture, oxygen, and elevated
temperature and the toxicity of lead stimulate research into all-
inorganic halide perovskites, such as CsPbX3 (X = Cl, Br, I),
and non-lead perovskites, e.g., CsSnX3 (X = Cl, Br,I).13,14

However, these alternative materials exhibit lower perform-
ance, providing strong motivation to study their defect
properties. The structural stability of CsPbX3 and its
outstanding intrinsic optoelectronic properties have allowed
researchers to produce solar cells exceeding 20% efficiency,13

motivating further studies of CsPbX3 perovskites
Low-temperature thermal evaporation and solution-based

processing of perovskite films inevitably introduce grain

boundary (GB) defects into pristine systems.15,16 Although
there are extensive studies of GBs in perovskites, under-
standing of the effect of GBs on charge trapping and
recombination remains elusive due to the reported conflicting
results. First-principles calculations indicate that GBs do not
create midgap trap states and are electronically benign,7,17−19

suggesting that GBs have a minor influence on the efficiency of
the devices when the perovskite film morphology is
homogeneous and compact.20 In addition, researchers have
reported that electron−hole recombination occurs mainly in
nongrain boundary regions of the most studied MAPbI3
perovskite, indicating that GBs are benign to excited-state
lifetime because GBs can only introduce shallow defects.21

However, other experimental and theoretical results have
defied such conclusions. Experimental studies have shown that
the modification of grain size can notably influence the charge
recombination rate and therefore impact the efficiency of solar
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cells.22,23 Tosun et al. have shown that the grain size can be
increased by annealing and the annealed films exhibit much
longer excited-state lifetimes.24 Confocal fluorescence micros-
copy measurements, correlated to scanning electron micros-
copy, demonstrate photoluminescence quenching at GBs,
indicating that GBs induce fast nonradioactive electron−hole
recombination channels.25 Theoretical studies have shown also
that GBs can promote fast nonradiative charge recombina-
tion26,27 due to high charge-trap densities at GBs.25,28 Such
contradictory conclusions, both experimental and theoretical,
imply that the role of GBs in perovskite solar cells is quite
complex, calling for more investigation and better under-
standing.
Most of the previous theoretical research on GBs has been

based on short, few picosecond (ps) molecular dynamics
(MD) trajectories or even just optimized structures due to
computational limitations imposed by ab initio method-
ologies.7,17−19,26,27 Recently, machine learning (ML) methods
have gained immense popularity as promising tools to
overcome the computational cost of ab initio methods to
predict material properties29,30 and structures,31 construct ML
force fields (FF),32 and screen promising candidates for a
variety of applications.33 With the help of ML FFs generation
of long MD trajectories with near ab initio accuracy is now
feasible,34 paving the way for studies of phenomena that occur
over long time scales, such as anharmonic lattice dynamics,35

phase transitions,36 and chemical dynamics.37−40 A ML FF
modeling of perovskite GBs can capture the diversity of atomic
configurations and their impact on the electronic structure.

Because charge carrier trapping and recombination occur on
nanosecond (ns) time scales, ns trajectories are needed to
elucidate the relevant GB properties in a comprehensive
manner.
Motivated by the experimental works,22−25,28 we develop a

ML FF, investigate the atomistic evolution of geometric and
electronic properties of the Σ5(210) GB in the CsPbBr3
perovskite on a ns time scale comparable to the charge carrier
lifetime, and analyze structure−property relationships using
unsupervised ML. We demonstrate that regions with high
likelihood of appearance of deep, midgap charge trap states
appear at the GB due to structural fluctuations on a 100 ps
time scale. However, the deep levels are transient and last only
for a few hundred femtoseconds (fs). In contrast, shallow traps
appear and disappear continuously along the 1.5 ns trajectory.
Shallow traps are localized directly at the GB, while deep traps
are in sub-GB layers, which can be jammed in unfavorable
conformations. The properties of the states near the bandgap
correlate with angles formed by atoms in the GB layer. They
also correlate with the Br−Br distance, an indication of
enhanced halide anion diffusion along GBs. The demonstrated
multiscale evolution of the geometric and electronic properties
of the Σ5(210) CsPbBr3 GB highlights the complex influence
of GBs on perovskite performance. On the one hand, charge
localization at GBs helps exciton separation, and the transient
nature of trap states limits nonradiative carrier losses. On the
other hand, charge localization at GBs reduces carrier mobility,
and the low-density, dynamic GB region can facilitate ion
migration and phase segregation.

Figure 1. (A) Unoptimized Σ5(210) grain boundary in CsPbBr3. (B) Optimized grain boundary. (C) Density of states (DOS) of the unoptimized
structure (corresponds to A) and (D) DOS of the optimized structure (corresponds to B). A significant structural relaxation occurs at the
boundary, and all midgap states disappear after the optimization. Note that the system contains two equivalent grain boundaries due to periodic
boundary conditions, in the middle and at the edges of the shown structures.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c16203
ACS Appl. Mater. Interfaces 2022, 14, 55753−55761

55754

https://pubs.acs.org/doi/10.1021/acsami.2c16203?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16203?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16203?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16203?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c16203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2. METHODS
The geometry optimization, ab initio MD, density of states (DOS),
and orbital spatial distribution calculations are performed with the
Vienna ab initio Simulation Package.41 The Perdew−Burke−
Ernzerhof (PBE) exchange-correlation functional is used.42 The
interactions between electrons and ion cores are described by the
projected-augmented wave method (PAW).43 A simulation cell of 100
atoms is used to model the Σ5(210) GB in CsPbBr3 (Figure 1). This
GB has been studied previously.44,45 Because perovskites are soft and
are known to undergo large thermal fluctuations,38,46 we expect that
other grain boundaries should exhibit similar properties. The plane-
wave basis energy cutoff is set to 350 eV for geometry optimization,
electronic structure calculation, and ab initio molecular dynamics
calculations. A 3 × 2 × 1 Γ-centered k-point Monkhorst−Pack mesh
is used for geometry optimization and electronic property character-
ization. Adiabatic MD is performed at the Γ-point only for
computational efficiency because we are employing a relatively large
simulation cell containing 20 CsPbBr3 unit cells. The ML FF is built
using the DeepMD package,32 which uses deep learning and is
capable of capturing the interatomic potential energy and forces based
on a small amount of training data.

The geometry is optimized at 0 K. Then, the system is heated over
a broad range of temperatures, from 100 to 1600 K at every 100 K, by
velocity rescaling to obtain a diverse set of configurations in a
canonical ensemble, serving as a training set for establishing the ML
FF. Three thousand points are collected at 200, 300, and 400 K
because the simulations focus on MD at room temperature, while 500
points are collected for the lower and higher temperatures to
accomplish a broad screening of temperature−structure patterns. The
collected data are used as input to feed the deep learning network
embedded in the DeepMD. The model established in this way
provides a good accuracy−efforts balance. Then, Lammps47 is used to
carry out MD with the preobtained ML FF model. A 1.5 ns MD
trajectory is obtained. The electronic properties of the system are
studied every 50 ps along the 1.5 ns trajectory, and two 2 ps regions,
at 700 and 850 ps, are investigated ab initio with a 2 fs time step. The
potential energies from ab initio and ML FF calculations are
compared to test the ML FF accuracy. In all cases, the root-mean-
square error is around 10 meV per atom, as recommended.48 The 2 ps
region at 700 ps is analyzed further by computing mutual information
(MI) between geometric features and electronic energy levels based
on Sci-kit.49 The structural information is generated with the modified
symmetry function,50 which is used to accurately capture the atom’s
radial and angular information in a specific chemical environment,
while balancing the accuracy of description of structural details and
the redundancy.51,52 Various geometric features, such as bond angles
and distances, are extracted as a time series from the MD trajectory.
The extracted structural information is used to compute MI to analyze
how the state energy level fluctuations depend on the geometric
features of CsPbBr3 because MI captures and quantifies the shared
dependence of two variables.53−55

3. RESULTS AND DISCUSSION
To analyze the impact of the GB on the electronic structure of
CsPbBr3, we calculate the DOS of optimized and unoptimized
structures, and the charge densities of the lowest unoccupied
molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) for the optimized geometry.
Figure 1 shows that the DOS is split into contributions from
Cs, Pb, and Br atoms and that the unoptimized Σ5(210) GB in
CsPbBr3 introduces many shallow and deep trap states, which
come from GB induced dangling and nonstoichiometric
bonds.56 The midgap trap states disappear after the geometry
optimization, in agreement with the previous theoretical
studies18,26 demonstrating the capability of GB healing from
trap states. The conduction band (CB) is primarily supported
by Pb atoms, while the valence band (VB) originates primarily

from Br atoms, indicating that Cs atoms do not directly
participate in the electron−hole recombination. The VB
maximum (VBM) is identified as the antibonding hybrid-
ization between the Pb 6s and Br 4p orbitals, while the CB
(CBM) minimum is supported by the Pb 6p and Br 4p
orbitals.57 Cs cations influence the charge carriers electrostati-
cally and through mechanical interaction with the Pb−Br
lattice. Our mutual information analysis (Table S1) also shows
that angles, such as Cs−Pb−Cs and Cs−Br−Cs, with Pb and
Br central atoms and involving Cs, have a relatively larger
correlation with the state energy level fluctuations. These
geometric features describe the deformation of the lattice
structure. The DOS of the optimized Σ5(210) GB shows a
shallow trap state near the VBM that reduces the bandgap
slightly, agreeing with the previous study.26

Figure 2 shows the HOMO and LUMO charge densities of
the optimized Σ5(210) CsPbBr3 GB. The GB induces a

significant breaking of the periodic semiconductor symmetry.
As a result, more phonon modes can couple to the electronic
degrees of freedom,27,45 and the charge densities show a strong
localization in the GB regions for both the LUMO and the
HOMO. GB defects inevitably introduce unsaturated and
malformed chemical bonds, creating possibilities for fluctua-
tions of atomic geometries in a long-run MD trajectory. Note
that the simulation cell contains two GBs, in the middle and at
the edges of the shown structures due to periodic boundary
conditions used. Figures 2A,B show that the HOMO has a very
strong contribution from the bromine atoms located in the
central GB region. The LUMO arises from Pb−Pb atom pairs
in the middle part and at the edges of the structure. Compared
to the charge densities of pristine CsPbBr3,

26 grain boundary
CsPbBr3 produces significant charge localization. The
HOMO−LUMO overlap is decreased, and the nonadiabatic
coupling responsible for nonradiative electron−hole recombi-
nation is reduced.45,58

When heated to 300 K, the CsPbBr3 GB shows significant
distortions because of the perturbation to the optimal crystal
structure and because lead halide perovskites are soft and can
undergo slow large-scale motions around defects.38,46 We

Figure 2. Charge densities of (A) HOMO and (B) LUMO in the
optimized Σ5(210) grain boundary structure. Although the states are
strongly localized at the boundary, they are shallow traps (Figure 1D).
The state energies are close to the corresponding bands, and the
charges can easily escape into bands and undergo efficient long-range
transport.
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investigated ab initio electronic structure of the GB system
every 50 ps along the 1.5 ns ML FF trajectory to grasp a
general idea of the energy level fluctuations and the potential
energy comparison (Figure S1). The ML FF slightly
overestimates the potential energy, compared to the ab initio
calculation; however, the fluctuations are reproduced well. The
root-mean-square (RMS) error calculated for the whole 1.5 ns
trajectory is 10.9 meV per atom, meeting the accuracy
requirement.48 A detailed comparison for two regions of the
trajectory is shown in Figure S2. Training a ML FF for such a
complex system as the GB is a challenging task, and the
obtained accuracy is quite satisfactory. The total potential
energy provides an overall estimate of the quality of the ML
FF, and it is possible that forces on some atoms, especially
those in the GB region, experience large deviations. To provide
a more detailed test, we compare forces on individual atoms in
the GB region (Figure S7) and away from the GB (Figure S8).
The atom-by-atom comparison is favorable: The ML forces
closely follow the ab initio forces. Slightly larger deviations are
seen in the GB region, as should be expected. The GB region is
essentially amorphous, and therefore it is impossible to expect
the same ML FF quality as for small molecules with well-
defined chemical bonding. To obtain ab initio data needed to
sample such amorphous structures, we performed ab initio MD
over a range of temperatures, reaching as high as 1600 K. At
such high temperatures, significant distortions and fluctuations
of the GB structure take place, leading to formation of
transient deep traps. Transient traps are seen in the 1.5 ns ML
FF trajectory at 300 K as well, but much less frequently.
Carrying out a standard ab initio MD calculation for 1.5 ns

requires very significant investment of computational resour-
ces. For this reason, the previous theoretical studies focus on
the optimized structure and a few picosecond trajectories of
GB defects.18,26,27 Such short-term simulations cannot capture
the full diversity of atomic configurations that occur in a real
system and can miss important slow fluctuations that influence

material properties. Both longer simulation time scales and
larger systems are needed. The current work applies ML to
extend the time scale by several orders of magnitude.
Complementary approaches are being developed for increasing
the system size.59,60 The ML FF trajectory demonstrates that
the GB undergoes a rapid, sub-10 ps sliding and tilting, which
are followed by slower thermal fluctuations (Figure S5). The
31° tilt angle in the optimized structures increases to 45° by 30
ps and fluctuates around this value for the rest of the 1.5 ns
trajectory. The screening of the energy level fluctuations along
the 1.5 ns trajectory (Figure S1A) indicates a notable reduction
of the gap between the HOMO (level 340) and the LUMO
(level 341) on a 100 ps time scale. On some occasions the
LUMO drops down in energy, while the HOMO remains close
to the CBM. Often, the energy gap between the LUMO and
the LUMO+1 (level 342) increases, indicating formation of
transient midgap electron traps, separated energetically from
the CB. The reduction of the HOMO−LUMO gap and the
separation of the LUMO from the rest of the CB have a
significant influence on charge carrier mobility and lifetime in
the traditional semiconductors.61 However, in the traditional
semiconductors the trap states form stable configurations,
allowing one to consider a static description of defect
properties. In contrast, perovskites are much softer and
undergo significant thermal structural fluctuations.38,46 The
midgap traps appear only transiently, as discussed in detail
below, and should have much weaker influence on charge
carrier dynamics.
To provide a more detailed analysis of the influence of long-

time thermal fluctuations on the GB electronic structure, we
chose two 2 ps regions at 700 ps (Figures 3−5) and 850 ps
(Figures S3 and S4) of the 1.5 ns ML FF trajectory and
investigated the electronic properties every 2 fs. The RMS
errors in the potential energy between the ML FF and ab initio
data are 11.79 and 8.60 meV per atom, and the evolution of
the potential energies is given in Figure S2. The region around

Figure 3. (A−C) Projected densities of states (DOS) at different points along a 2 ps part of the 1.5 ns trajectory (Figure S1). The zero energy is set
at the valence band maximum. (D) Orbital energy levels along the 2 ps part of the 1.5 ns trajectory. The ab initio calculations are performed every 2
fs. The points in (D) are chosen from regions with good match between the machine learning and ab initio energies (Figure S2A). Trap states
appear and disappear. Other examples are shown in Figure S3.
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700 ps exhibits a significant narrowing of the HOMO−LUMO
energy gap, while the region around 850 ps does not show such
narrowing (Figure S1A). We also report DOS and orbital
charge densities at representative points.

The region around 700 ps demonstrates the emergence of
both shallow and deep trap states (Figure 3), even though the
optimized structure exhibits only a shallow hole trap (Figure
1D). A theoretical study was expecting midgap trap states in an
optimized GB without additional point defects due to presence
of dangling chemical bonds but did not report such states.18

Thind et al. introduced a Br vacancy into the Σ5(210) GB of
CsPbBr3 and observed midgap trap states ascribed to Pb
dangling bonds.61 Even without deep traps, GBs have intrinsic
dangling bonds that can facilitate ion migration62 and
significant geometry distortions. Sampling such behaviors
requires long trajectories. Raising the energy of the occupied
HOMO creates an energy penalty, however, the total potential
energy fluctuates in a typical manner (Figure S2A) because the
HOMO energy rise is offset by lowering of energy of other
degrees of freedom. The emerging midgap states can serve as
electron−hole recombination centers, promoting nonradiative
decay, which could explain the detrimental nature of GBs
reported by the experimental studies.25 On the other hand, the
deep trap states found in this and other examples are short-
lived, lasting only a couple of hundred femtoseconds. The
transient acceleration of the nonradiative electron−hole
recombination at such instances is likely insufficient to make
a large overall effect on the charge carrier lifetime, rationalizing
the arguments that GBs are benign to the excited-state
lifetime.21 While sampling such fast transient appearance and
disappearance of deep trap can be done directly at the ab initio
level, the regions exhibiting such behavior appear on a
hundreds of picoseconds time scale, which are hard to sample
ab initio.
Figures 4 and 5 present charge densities of the frontier

orbitals. Figure 4 corresponds to the DOS shown in Figure 3A.
In this example, both HOMO and LUMO fluctuate deep into
the bandgap and thus can be considered deep charge traps.
Interestingly, these states are not localized at the GB. Rather,
they are localized in the second layer near the GB. The GB
itself exhibits a sparse distribution of atoms, allowing
rearrangements needed to form missing chemical bonds and
heal defects. In comparison, the second layer of the GB is
much denser and compact, while it is still significantly distorted
from perfect periodicity. The denser distorted second layer
lacks the flexibility to heal from unsaturated or malformed
bonds that cause the trap states. The HOMO−LUMO gap is
reduced by about 1 eV in this example (Figure 3A) relative to
the optimized GB structure (Figure 1D). However, such
transient bandgap reduction lasts only 200 fs (Figure 3D). The
charge densities shown in Figure 5 correspond to the DOS of
Figure 3B. Here, only the LUMO drops deep into the bandgap,
while the HOMO remains close to the VBM (Figure 3D). The
deep trap LUMO is localized on the second GB layer (Figure
5C), while the HOMO−1 and HOMO are fairly delocalized
and include bromines right at the GB (Figure 5A,B).
Localization of HOMO and LUMO in different parts of the
GB facilitates exciton dissociation and extends carrier life-
times.45,58

We performed detailed electronic structure analysis for
another time region at 850 ps, which does not exhibit very
deep trap states (Figure S1A). The detailed energy level
trajectory does show notable energy level fluctuations (Figure
S3D) not seen in the coarse-grained trajectory (Figure S1A).
However, these fluctuations are less significant than in the first
example (cf. Figures 3D and S3D). Figure S3C demonstrates
the disappearance of trap states, with the bandgap similar to

Figure 4. Charge densities of the trap states for the configuration
shown in Figure 3A: (A) state 339, (B) state 340 (HOMO), and (C)
state 341 (LUMO). The trap states are localized one or two layers
away from the boundary. The boundary itself is sufficiently sparse and
flexible to form the bonds needed to heal defects. The sub-boundary
layers are distorted but cannot heal defects as well as the boundary
itself. The hole trap shown in (B) is localized on a few Br atoms of the
sub-boundary layer, in contrast to the hole trap of the optimized
structure localized at the boundary (Figure 2A).

Figure 5. Charge densities of states for the configuration shown in
Figure 3B: (A) state 339, (B) state 340 (HOMO), and (C) state 341
(LUMO). States 339 and 340 are HOMO−1 and HOMO and form
the conduction band edge. They are more delocalized and contain
contributions from grain boundary atoms. The deep electron trap
state, LUMO, shown in (C) is localized around the circled Pb atom
that has overly extended Pb−Br bonds (Figure S6A). The deep
electron trap (C) is localized in the sub-boundary layer, similarly to
the shall electron trap shown in Figure 4C.
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that of the optimized structure (Figure 1D), while Figure
S3A,B shows the emergence of shallow traps near the CB. The
examples of the electronic structure in different time regions
suggest that geometric distortion and unsaturated chemical
bonds in the GB region may or may not induce trap states and
that trap states are very dynamic, appearing and disappearing
from time to time, depending on the distortion.
To identify the key geometric features that correlate with

fluctuations of the HOMO−1, HOMO, LUMO, and LUMO
+1 energy levels, resulting in transient appearance of trap
states, we computed MI between the energy levels and bond
distance and angle geometric features�900 features in total.
Such MI information analysis has been used previously to
identify the key structural parameters responsible for non-
radiative electron−hole recombination.53−55 The top 5 most
important features for each state are listed in Table S1. Overall,
bond angles are more important than bond distances,
indicating that the electronic properties couple more to
structural distortions than bond breaking and formation. It is
well established that the HOMO−LUMO gap in pristine
perovskites depends strongly on tilting of PbBr6 octahedra,

63

and such tilting is described by corresponding bond angles.
The conclusion remains true for the perovskite GB. The Pb−
Br−Pb angle is most important for the LUMO, which gives
rise to the deepest transient midgap state and which has been
identified to play an important role in perovskite perform-
ance.57,64

The only bond distance features seen in Table S1 for
HOMO and LUMO are Br−Br distances. Such bonds do not
form in pristine perovskites, and transient formation of such
bonds in the GB region is correlated to trap state formation. It
has been proposed that Br and other halide anions exhibit
enhanced migration along GBs, deteriorating perovskite
performance and causing phase segregation and current−
voltage hysteresis.65,66 Transient formation of Br−Br bonds at
the GB can be related to the Br migration.
To characterize the structural origin of the trap states, we

calculated the bond lengths, angles, and coordination numbers
for the atoms supporting the trap states. The analysis (Figure
S6A,B) shows that the deep electron trap (Figure 5C) is
localized on a few Pb atoms that lose coordination with the
nearby Br atoms. Some of the Pb−Br bonds become very long,
essentially broken. In comparison, the shallow electron trap
(Figure 4C) is localized on multiple Pb atoms, whose angles
with nearby bromines are significantly distorted from the
optimal 180° value (Figure S6C,D). Note that the hole trap
states seen in the MD trajectory are localized in sub-boundary
layers (Figure 4B), while the hole trap in the optimized
structure is localized directly at the GB (Figure 2A). The same
observation holds for electron traps, indicating that optimized
structures are not always characteristic of the material
properties at a finite temperature.
The central atoms of the bond angles showing highest MI

with the energy levels are highlighted by circles in Figure 6. As
expected, atoms at the GB play the most important role. The
majority of the features encountered in Table S1 are formed by
Pb and Br atoms, which form the CB and VB electronic states.
At the same time, many features contain Cs atoms as well, as
seen in the prior analyses.67,68 Although Cs+ cation do not
contribute to the electronic states, they influence charge
carriers electrostatically and through interactions with the
surrounding Br− anions.

The current analysis shows that the traps primarily split off
the CB and are formed by under- or miscoordinated Pb atoms.
To heal such electron traps, one can dope the systems with
additional halides. There is experimental evidence that halide
doping helps to reduce defect density,69,70 and the current
results suggest an atomistic explanation of this effect. More
rarely, we observe hole trap states that split off the VB. The
originate from miscoordinated Br atoms. If one attempts to
heal electron traps by doping with halides, the density of trap
states due to miscoordinated halides and halide interstitials can
increase. Because electron traps are more frequent than hole
traps, one can suggest moderate halide doping, such as to
passivate the wrongly coordinated Pb atoms, while not to
create too many halide interstitials.
The current study highlights the role slow structural

fluctuation at perovskite GBs plays in governing GB electronic
properties and demonstrates transient appearance midgap trap
states for certain types of fluctuations. These transient trap
states are different from trap states formed by structural
defects, such as interstitials, vacancies, and substitutions.
Earlier ab initio calculations have shown that point defects
creating no or shallow traps in bulk perovskites can form deep
and detrimental traps at GBs.71 It is important to investigate
the properties of such defects on longer time scales using ML
FFs. The current conclusions are based on a 1.5 ns ML FF
trajectory generated based on ab initio DFT training. The ML
FF allowed us to sample GB conformations on the time scale
comparable to the charge carrier lifetimes. Providing an
important advance over the prior studies limited to a few
picoseconds, the current model has limitations as well. GBs

Figure 6. Geometric structures corresponding to the DOS shown in
Figure 3. Parts A−C corresponds to parts A−C of Figure 3. Dangling
bonds appear and disappear from time to time, giving rise to deep and
shallow trap states and resulting in the reduced bandgap for some
points along the trajectory. Geometric features of the marked atoms
have high mutual information with the electronic energy levels (Table
S1). The atoms are at the grain boundary and not sub-boundary, even
though the deep trap states are localized in the sub-boundary (Figures
4 and 5) because most of the time the traps are not deep, and shallow
traps are localized at the boundary (Figure 2). Note that the system
has two grain boundaries, in the middle and top/bottom edges of the
image, because of periodic boundary conditions.
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exhibit a variety of bonding patterns, and development of a ML
FF for such systems is quite challenging. The current ML
model employed local descriptors, while more accurate models
may be required based on global descriptors.72 While the
current simulation time is long, the GB size is quite small.
Larger GB models can uncover other types of structures and
motions. Such models can be obtained by application of ML
techniques to parametrize electronic Hamiltonians.59,60

4. CONCLUSIONS
Based on ab initio DFT, we have developed a ML FF to
describe structural evolution of the Σ5(210) GB in the
CsPbBr3 perovskite on the time scale comparable to the charge
carrier lifetime. Then, we have investigated how slow structural
changes at the GB influence the electronic structure. On a slow
∼100 ps time scale we have observed fluctuations that give rise
to regions with deep midgap trap states; however, the deep
traps appear transiently for only a few hundred femtoseconds.
In comparison, shallow traps appear and disappear constantly
in the GB region. While shallow traps are localized in the GB
layer, deep traps arise in a sublayer. The structure at the GB is
sufficiently mobile to heal deep defects, while the sublayer
structure is still distorted and can get stuck in unfavorable
conformations generating deep midgap states. Both shallow
and deep traps, as well as HOMO and LUMO that are
energetically close to the VBM and CBM, are localized on just
a few atoms. Such complex, multiscale behavior helps
rationalize the contradictory statements made in the literature
regarding both benign and detrimental influence of GBs on
perovskite performance. The preponderance of shallow traps
and the transient nature of deep traps indicate that these states
do not create efficient charge recombination centers, and the
HOMO and LUMO localization on different parts of the GB
facilitates exciton dissociation and slows down charge
recombination. At the same time, unfavorable distortions
seen in the sublayer give rise to deep traps that can accelerate
charge recombination, and significant localization of HOMO
and LUMO can inhibit charge mobility.
The HOMO and LUMO properties correlate most with

geometric features of atoms in the first GB layer. Bond angles
correlate much more than bond distances because they
determine tilts and distortions of PbBr6 octahedra that govern
perovskite electronic structure. Br−Br distance is a notable
exception. It appears among the top features that correlate with
the GB electronic properties and may be an indication of facile
halide anion migration along GBs. Ion migration is detrimental
to perovskite performance because it causes phase segregation
and current−voltage hysteresis. Perovskite GBs are not
necessarily stoichiometric and are often passivated. Therefore,
it is important to conduct similar long-time MD studies of
point defects at GBs and passivated GBs.27,71,73,74 It is also
important to study larger GB structures, other GBs, and GBs in
different types of metal halide perovskites. The >1 ns atomistic
analysis of fluctuations in the geometric and electronic
properties provide important insights into the behavior of
these unusual and highly efficient materials.
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