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Polycrystalline perovskite solar cells show high power conversion efficiencies despite the presence of grain
boundaries (GBs). The benign nature of GBs on the electronic properties and structural stability in metal-
halide perovskites contradicts their propensity for point defect formation, a controversy that is far from
being understood. In this work, we combine ab initio molecular dynamics and density functional theory
calculations on the =5[130] GB of cesium lead iodide, CsPbls, to shed light on the structural and
electronic properties of such GBs. Our results present the first evidence of structural healing of GBs
driven by the facile migration of iodine ions, resulting in stabilized GB structures with reduced hole trap
states and shallow electron trap states by strain-induced Pb—Pb dimers. Drift-diffusion simulations reveal
that shallow electron trap states in GB mainly lower open-circuit voltage by enhanced non-radiative
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formation energies compared to the perovskite bulk. Overall, our study reveals a controversy of GBs
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1. Introduction

Metal-halide perovskites (MHPs) have attracted extraordinary
interest for next-generation photovoltaic technologies due to
their favorable optoelectronic properties.' Successive material
and process engineering raised the power conversion efficiency
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on the point defect densities, both being connected to the facile migration of iodine ions in GBs.

to >25% in single-junction perovskite solar cells (PSCs)* and
29.15% in perovskite-silicon tandem solar cells® within only
one decade. This success story is, however, quite surprising as
the mechanically soft lattice in MHPs induces a lively and
diverse defect chemistry,” and MHP synthesis by low-
temperature solution techniques may result in the coexistence
of different phases®® and incomplete crystallization.'*'* Weak
metal-halide bonds may further accelerate thermal and photo-
chemical degradation of MHPs"*™ and support the formation
of ionic point defects which may promote non-radiative
recombination losses.” In contrast, recent studies connected
the high defect tolerance to the soft lattice, allowing carriers to
couple only to low-frequency vibrations.***”

PSCs are typically made of polycrystalline MHP thin films
containing nano-to micrometer-sized grains, separated by
spatially extended grain boundaries (GBs), which strongly affect
the device performance.'®'® Correa-Baena et al. observed an
increased J-V hysteresis in thin film PSCs of small grain sizes,
which has been attributed to reduced ion migration.” In
contrast, conductive atomic force microscopy discovered
enhanced iodine migration in high-angle GBs.*' Ionic point
defects, particularly iodine interstitials and vacancies, can
easily migrate within the MHP crystal lattice.?>** At the same
time, GBs may trap iodine point defects and suppress ion
migration from the GB to the grain interior.***® Defects
predominantly form on the grain surface, suggesting an
enhanced defect density in polycrystalline MHP films with

This journal is © The Royal Society of Chemistry 2022
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respect to single crystals.”® Photoemission spectroscopy studies
revealed the presence of defect clusters at GBs with energy levels
close to the valence band maximum (VBM) and significant
cross-section for hole trapping.*” Photoluminescence (PL)
measurements showed substantial variations in PL intensities
and lifetimes between different grains within the same MPH
thin film.”®** The origin of such grain to grain variations is
attributed to variations in the crystallographic misalignment
and the accompanying local strain at GBs, potentially
enhancing trap densities.** GBs may further accelerate irre-
versible degradation in oxygen®' and moisture,*” causing long-
term instabilities. Consequently, GB passivation®**** and strain
engineering®® are promising strategies to mitigate non-radiative
recombination losses and stabilize MHP thin films.

Point defects face significant structural differences within
GBs and at surfaces compared to the bulk,* which, however, is
challenging to probe experimentally.?” First-principles atomistic
simulations can provide relevant insight into the structural and
electronic properties of MHP GBs.*® Meggiolaro et al.*® reported
the favored formation of iodine interstitials, the most movable
point defects in MHPs,*>* at MHP surfaces due to reduced
steric hindrance.* Non-adiabatic molecular dynamics simula-
tions* revealed increased non-radiative recombination at the
5[012] GB (see ref. (36) for the explanation of the notation) of
methylammonium lead iodide, MAPbI;. In contrast, the high-
angle 25[310] GB may suppress charge recombination by
spatially separating the electron from the hole.** Density func-
tional theory (DFT) studies showed the lack of deep electronic
states in the band gap for a variety of MHP GBs, while only
shallow states near the VBM are reported, which potentially
hamper hole transport across the GB.** Point defects, in
particular lead interstitials and Iy, and Ip, anti-site defects,
introduce mid-gap electronic states in MAPbI; GBs.** Further-
more, at the 2=5[130] GB of cesium lead iodide, CsPbl;, iodine
interstitials are stabilized at the GB and introduce gap states
which may trap charge carriers and promote non-radiative
charge recombination.**

Existing studies analyzed the structural and electronic
properties of MHP GBs from ground state DFT calculations.*>**
Several dynamical properties of MHPs, however, are being
attributed to the soft lattice, such as strong dynamical fluctua-
tions, ionic migration, and anharmonicities in the octahedral
tilting.®**~* Thus, it is of high interest to unravel the conse-
quences of the soft nature of MHPs on such GBs. To shed light
on the structural and electronic properties of GBs under finite
temperatures, we performed ab initio molecular dynamics
(AIMD) simulations and DFT calculations on the =5[130] GB of
CsPbl; as representative of lead-halide perovskites. Our AIMD
simulations reveal a novel atomistic picture of the formation of
defects and give unprecedented insight into the spontaneous
healing of GB defects, which are directly connected to the facile
migration of iodine ions inside GBs. AIMD and DFT further
propose the presence of electron trap states inside the GB at
finite temperatures, potentially enhancing non-radiative
recombination losses. Finally, we report on the formation
mechanism and energies of iodine Frenkel defects near lead-
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iodine rich GB regions, having strongly reduced defect forma-
tion energy at GB with respect to the MHP bulk region.

2. Model and computational details

We carried out Car-Parrinello molecular dynamics (CPMD)*>°
simulations with the Quantum Espresso package® using the
GGA-PBE* Electron-ion
interactions were described by scalar relativistic ultrasoft
pseudopotentials with electrons from I 5s, 5p; Cs 5s, 5p, 6s; and
Pb 6s, 6p, 5d shells explicitly included. Plane-wave basis set
cutoffs for the smooth part of the wave functions and the
augmented density were 25 and 200 Ry, respectively. The ficti-
tious mass of the electronic degrees of freedom were set to 1000
au, and the atomic masses of all atoms to an identical value of 5
amu to enhance the dynamical sampling. An integration time
step of 10 au was used. The atomic positions were randomized
initially and then a thermostat was applied to maintain
a temperature of 380 + 30 K. DFT calculations of defect
formation energies in the orthorhombic CsPbl; bulk and the GB
model were performed by geometry optimization of the ionic
positions while keeping the supercell fixed, using with refined
plane-wave basis set cutoffs of 40 and 320 Ry for the smooth
part of the wave functions and the augmented density, respec-
tively, using the PWscf module of the Quantum Espresso
package.

exchange-correlation functional.

Top/Bot GB

Center GB ‘,‘\?5"‘ "
& ﬁ*{ Csl -
terminated

Fig.1 Structural model of the =5[130] GB of CsPbls with the center GB
and top/bot GB highlighted in red and green, respectively. Pbl-
terminated and Csl-terminated regions in the center GB are indicated
by the yellow and gray regions, respectively.
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We have taken the atomic model of the CsPbI; =5[130] GB,
Fig. 1, from previous theoretical analysis*»** which has a low
formation energy Egpgorm = 2.7 €V nm > (0.43 J m™ ) with
respect to the orthorhombic CsPbl;, being substantially lower
than the ones of e.g. CdTe or Si GBs**** and comparable to low-
energy GBs in Li-based solid-state electrolytes.®® The model
contains two high-angle GBs made of a Pbl- and a CslI-
terminated region. The orthorhombic supercell is of size a =
12.695 A, b = 19.242 A, ¢ = 76.972 A. We first relaxed the ionic
positions and then performed CPMD simulations on the opti-
mized GB model as described above for ~8.5 ps.

Electronic structure calculations on several snapshots were
performed using hybrid PBEO exchange-correlation functional,
keeping the fraction of Fock exchange « at its original value
(0.25) in the freely available CP2K software package.”® Calcula-
tions have been carried out with Goedecker-Teter-Hutter
pseudopotentials,® double-{ polarized basis sets for the wave
functions (see Fig. S1, ESL, 1 for convergence test),*® and a cutoff
of 300 Ry for the expansion of the electron density in plane
waves. We used the auxiliary density matrix method with the
cFIT auxiliary basis set to accelerate the hybrid functional
calculations.® As recently demonstrated,*” this setup further
reproduces accurately structural and dynamical properties of
MHPs.

3. Results and discussions
3.1 Structural evolution

We start our detailed analysis of the AIMD simulations by
searching for the presence of typical iodine point defects within
the GB supercell. Throughout the trajectory, we observe the
appearance of split interstitials, i.e. two iodine ions shared
between two lead centers, see inset in Fig. 2a and Section S2,
ESI.T Most split interstitials are located in the GB regions, while
signatures of bulk split interstitials are found between 6 and 8.5
ps of simulation time, Fig. 2a. The number of split interstitials
in the top/bot GB increases within the first 3 ps and remains
approximately constant at a value of 3 for the remainder of the
trajectory, Fig. 2b. In the center GB, we see an increasing
number of split interstitials from 1 at 0 ps to ~4 at around 1 ps,
which subsequently decreases to ~1-2 after 2 ps of simulation
time. After 6 ps, additional split interstitials arise within the
center GB. The majority of split interstitials within the center
GB are located in the PbI-terminated region, Fig. S2, ESI.T The
formation and annihilation of split interstitials directly corre-
late with the amount of 90° Pb-I-Pb bond angles in the different
regions, Fig. S3, ESI,f which is an indicator to reasonably
distinguish amorphous, Pbl,-rich from perovskite phases.®**
We further highlight that split interstitials do not migrate from
the GB into the bulk within the simulated timescales, con-
firming previous classical MD studies.**

We now analyze in detail the nature of iodine point defects
within the center GB by calculating the number of iodine
vacancies accompanied by each split interstitial, Fig. 2c. Iso-
lated iodine interstitials, I;”, appear between 1 and 2 ps and
from 6 ps of simulation time. The remaining split interstitials
always are correlated to iodine vacancies, V;'. The initial GB
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Fig. 2 (a) Position of split interstitials along the z-axis of the supercell.
Each dot represents a split interstitial. The regions in red and green
highlight the center GB and the top/bot GB, respectively. The inset in
panel (a) represents a split interstitial with Pb in cyan and | in purple. (b)
Time evolution of the number of split interstitials in the center GB, the
top/bot GB, and within the bulk region. (c) Temporal evolution of the
type of iodine defects, specified by m iodine interstitials and n iodine
vacancies, ml;"/nV,*, in the center GB.

model contains a positively charged 11;7/2V," Frenkel-type
defect. At 1 ps of simulation time, neutral 1I;7/1V;" Frenkel
pairs spontaneously form. Interestingly, a particular 11, /1V;"
Frenkel pair remains stable in the center GB throughout the
simulation. We further observe 2I;/2V;" Frenkel defects

This journal is © The Royal Society of Chemistry 2022
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between 1 and 2 ps, pointing at the presence of face-sharing
lead iodine clusters, which may serve as nucleation centers
for perovskite degradation to Pbl,.** Fluctuations in the Pb-I
bonds, a direct consequence of the soft bond structure, lead to
broad distributions in I-I and Pb-Pb distances within split
interstitials with average values of 4.35 and 4.53 A, respectively,
Fig. S4 and Table S1, ESI.} Maximal I-I distance of split inter-
stitial iodines increases from bulk to GB with a simultaneous
decrease in the respective Pb—Pb distances with minimal values
of 3.6 A, Fig. S5, ESL.T Moreover, the average Pb-Pb distance of
4.53 A within split interstitials at GBs is substantially lower with
respect to the Pb-Pb distance in bulk iodine interstitials (5.08
A), Fig. S6, ESLT As a consequence, the I-I distance of split
interstitials increases from 3.82 A in the bulk to 4.35 A at the GB.
The reduced Pb-Pb distance can be attributed to enhanced

View Article Online
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strain at GBs and the lack of Cs” cations in the PbI-terminated
GB region, pointing towards a strain-induced stabilization of
Pb-Pb dimers at GBs. Note that positively charged I;" intersti-
tials, which occur in form of iodine trimers,*** were not
observed throughout the trajectory. Thus, we rule out oxidation
of I;” to other charge states within the accessible timescales.
We now investigate the explicit atomistic mechanism of the
Frenkel pair formation in the center GB, see representative
structures in Fig. 3a. At the beginning of the trajectory, iodine
ion I(1) is bonded to Pb(A), and I(3) is bonded to Pb(C) and
Pb(B), Fig. 3a. At 0.7 ps, I(3) and I(1) migrate towards Pb(A) and
Pb(C), respectively, Fig. 3b, and bond with the under-
coordinated Pb centers, Fig. 3e. Simultaneously, Pb(A)-Pb(B)
distance decreases from 6.0 to 4.2 A, Fig. 3d. This results in the
formation of edge-shared split interstitials at 2.1 ps with 1(3)

Pb(A)—I(1) — Pb(B)—-1(2)
8 —— Pb(A)—=I(3) 8 — Pb(B)—I(3)
o — Pb(O)—I(1) = — Pb(B)—1(4)
g7 — PbO)-13) | £
(] L
£5 g5
¥ 4
3 3
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—~ o
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é o
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3 4.0
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Fig. 3

(a) Formation of an iodine Frenkel defect within the center GB. Letters and numbers consistently label the Pb and the | ions, respectively,

which are relevant for the formation of the Frenkel defect. The Frenkel defect is highlighted in the right panel (b) and (c) give the time evolution of
the Pb—I distances. (d) Time evolution of the Pb—Pb distances between the relevant Pb ions. (e) Time evolution of the Pb/I coordination number

for each Pb ion.
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being bonded to all Pb(A) to Pb(C), Fig. 3a. At 2.2 ps, the Pb(A)-
Pb(B) distance restores with the simultaneous breaking of the
Pb(B)-1(3) bond, Fig. 3c. At 3.1 ps, I(1) and I(3) form a split
interstitial between Pb(A) and Pb(C), while both the Pb(A)/I and
Pb(B)/I coordination numbers increase from initially ~5 and
approach a value of 6, Fig. 3e. The split interstitial, formed
between two undercoordinated Pb ions, is located at the junc-
tion of the two grains. The Pb(B)/I coordination number
decreased from 6 (¢ = 0 ps) to 4 (¢ = 2.5 ps) before it restores to 6
(¢t = 2.9 ps). Simultaneously, the undercoordinated Pb(B) ion
migrates, attracted by the local excess of iodine, into the CsI-
terminated region. This Pb motion is strongly driven by the
nucleophilic attack of I(4), Fig. S7, ESL,{ forming a bond with
the Pb center at 3.1 ps, Fig. 3a. Throughout the dynamics, we
observe fluctuations in the Pb/I coordination numbers in the
GB region due to fluctuations of the Pb-I bond framework,
Fig. S8, ESL+

To understand the consequence of the Frenkel pair forma-
tion within the initial phase of the trajectory, we compare the
time evolution of the radial distribution function, g(r), and its
integral, int[g(r)], between the respective ions in the center GB,
Fig. S9, (see Fig. S10 and S11, ESI,T for g(r) in top/bot GB) and
the bulk g(r). Initially, the Pb/Pb int[g(r)] shows a substantial
contribution at 4 A due to the presence of split interstitials.

AE=0.43 eV
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With increasing simulation time, the Pb/Pb and I/Pb g(r)
approach an amorphous phase at ~2 ps in between the bulk
and the Pbl, g(r) (taken from ref. 60), caused by the increased
formation of split interstitials in the GB region. Afterward, the
Frenkel pair formation leads to a decreased number of split
interstitials. Simultaneously, Pb/Pb and I/Pb g(r) approach the
bulk g(r). As a result, the coordination number between the ions
in the center GB clearly approach the bulk values, Fig. S12 and
S13, ESL+

The structural changes in the GB arise as a response to the
local strain at the junction between grains. Iodine Frenkel pairs
form in the GB and bridge the two grains to release the strain
and restore the perovskite structure. The formation of Frenkel
pairs is supported by iodine migration and the formation of
lead-iodine bonds with undercoordinated Pb ions. A salient
feature revealed by our AIMD simulations is the observation of
Pb migration in the GB. Although Pb migration in the bulk is
unexpected due to large activation energies,” nucleophilic
attacks by I" ions from the CsI-terminated region to under-
coordinated Pb>" centers from the PbI-terminated region drive
the migration of Pb ions within the GB. Our observations
indicate the spontaneous, halide-driven structural healing of
the MHP GB at finite temperatures. The soft nature of the MHP
lattice combined with low ion migration barriers may be the key

=¥ AE=1.01cV

Fig. 4

(a) Snapshots visualizing the key steps during the bulk iodine Frenkel defect formation. Letters and numbers consistently label the Pb and

the lions, respectively. The iodine Frenkel defect is highlighted in the right panel. The lower Pb atoms are located at the junction of the GB region,
highlighted by the red region. (b) Frenkel formation energy at (left) Pbl,-terminated perovskite surface, (mid) at the grain boundary, and (right) in

the bulk.

24858 | J. Mater. Chem. A, 2022, 10, 24854-24865

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta06336k

Open Access Article. Published on 11 November 2022. Downloaded on 5/29/2024 2:58:34 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

to moderate defect densities and the unexpected electronically
benign nature of GBs under operational conditions in low-
temperature processed MHP thin films. We may hypothesize
that aging of MHPs allows the spontaneous healing of grains
and potential grain growth. Low-temperature annealing and
light-soaking are expected to further support the healing of GBs
as ion migration barriers are lowered. The observed self-healing
mechanism can explain previous observations of spontaneous
crystal coalescence in MHP thin films which were stored in the
dark and at room temperature.”® On long timescales, ion
migration can enter the grain interior and heal defect states.*
Additionally, light-soaking led to a brightening of grains and
annihilation of Frenkel defects within thin films and single
crystals which was attributed to iodine migration,**® being in
line with our observations. Recent studies further reported
enhanced migration of chlorine interstitials in GBs,* a reduc-
tion of activation energies for bromine ion migration in small
grains in polycrystalline MAPbBr; films,”® and observed facile
migration of iodine interstitials at MAPbI;/MoS, interfaces to
passivate sulfur vacancies.” Consequently, our observations
should be of interest for a large range of lead-halide perovskites,
while quantitative differences are expected.

We now investigate the formation mechanism and the type
of split interstitials appearing at 6 ps of simulation time near
the bulk region, Fig. 2a. The split interstitial forms within the
equatorial Pb-I plane located one unit cell above the GB junc-
tion and is accompanied by an iodine vacancy, Fig. 4a. The
fluctuations of the Pb-I bonds in the GB regions substantially
affect the adjacent unit cells and finally lead to the Pb(C)-1(3)
bond breaking at 6 ps, as visible from the rapid increase in the
Pb(C)-1(3) distance, Fig. S14, ESLt As an immediate conse-
quence, I(2) rotates around Pb(B) and approaches Pb(A). 1(3)
takes the position of I(2), and I(2) forms a bond with Pb(B) at 6.8
ps, Fig. 4a. Simultaneously, the Pb(A)-Pb(B) distance drops to
~4.6 A. While proposed by several DFT calculations,**** this is
to our knowledge the first observation of a spontaneous iodine
Frenkel defect formation in MHP bulk and GBs. To estimate the
iodine Frenkel defect formation energy, we construct the
Frenkel defect observed from AIMD simulations within the low
energy GB structure, Fig. S15c, ESI,T and optimize the ionic
positions. DFT calculations predict a Frenkel formation energy
of 0.43 eV at the GB region, being substantially lower compared
to the bulk (1.01 eV) while being higher compared to the surface
(0.11 eV), Fig. 4b. As a consequence, enhanced iodine migration
in the GB leads to the facile formation of iodine Frenkel defects.
Other studies on Frenkel defects reported formation energies in
MHP bulk of 0.86 eV in MAPDI; (ref. 39) and 0.84 eV in CsPbl;,”*
while being substantially reduced at MHP surfaces with values
of —0.03 eV to 0.19 eV.**”* This should lead to enhanced defect
concentration in the presence of GBs, while potentially being
moderate due to iodine-driven healing as reported above and in
literature.>**”% The presence of GBs and the accompanied facile
formation of mobile iodine point defects can further induce
chemical degradation and hamper the stability of PSCs.”**?*7*
Surface passivation is a commonly used strategy to suppress
surface defect formation and simultaneously stabilize the
perovskite layers.”>”” The passivation of GBs, however, is not as

This journal is © The Royal Society of Chemistry 2022
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straightforward and, so far, was achieved with limited success.
The use of additives or carefully engineered precursor condi-
tions successfully increased grain sizes but could not
completely mitigate GB formation.'***”® The complex interplay
between defect generation and annihilation is potentially one of
the crucial challenges to achieving stable MHP thin films.

3.2 Electronic properties

We now investigate the electronic properties of the GB under
finite temperatures. Several snapshots are extracted from the
trajectory, one at every 2 ps of simulation time, and optimized
using DFT. We observe a stabilization of the optimized snap-
shot extracted at 6 ps by 1.03 eV with respect to the initial
geometry, Table S2, ESL.f The optimized geometry, Fig. S15,
ESI,f preserves the iodine Frenkel pair at the GB, pointing
towards high stability of iodine related defects in GBs, as
proposed for Pbl,-terminated surfaces® and GBs.* The density
of states (DOS) of the low energy structure shows an opening of
the electronic band gap by ~0.3 eV compared to the initial
structure, Fig. S15a, ESI,T while no electronic states in the band
gap are observed. Moreover, the HOMO is delocalized within
the bulk region, while the LUMO is located at the GB, Fig. S15b,
ESL.{ Note that we have neglected spin-orbit coupling (SOC)
corrections as they are computationally heavy for such large
systems; inclusion of SOC reduces the band gap®>”® by 1 eV
yielding a fair agreement with the experimental band gap of
CsPbI;.**

We further consider the DOS at finite temperatures by
averaging the electronic structure obtained from DFT calcula-
tions on several AIMD geometries, Fig. 5a. DOS and HOMO/
LUMO orbitals for each snapshot are shown in ESI Movie
SM1.7 We observe shallow electronic states near the conduction
band minimum (CBM), with energies down to ~300 meV below
the CBM. The averaged LUMO is localized at the top/bot GB,
while the HOMO is fairly homogeneously spread across the
supercell. We observe that the shallow trap states are made of
Pb-Pb bonding states (Fig. S16, ESI), which are stabilized by
the increased strain at the GBs while being unstable in perov-
skite bulk.®* Similar observations were made in previous studies
on vacant MAPbI; surfaces,®” in defective MAPbCI; due to the
reduced lattice parameter with respect to MAPbI;,* and also in
defective bulk MAPDbI; under finite temperatures.® All studies
commonly share the observation that lattice distortion or strain
pushes unsaturated Pb ions together which creates Pb-Pb
bonding states within the bandgap. Altogether, this may explain
the presence of electron trap states at GBs observed in previous
experiments.'**# Between 1 ps and 2 ps, electron and hole
localization can be observed at the center GB, Fig. 5b, with hole
and electron trap states in the DOS, Fig. S17a, ESL.f Conse-
quently, the structural rearrangement accompanied by the
iodine Frenkel formation especially mitigates hole trapping at
GBs. Ground state DFT calculations predict an electronically
benign nature of GBs, while at finite temperatures, electron trap
states at the GB may promote charge trapping and non-radiative
recombination. Further annealing of the GB can suppress
charge trapping at the center GB, which is a key property to
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Fig. 5 (a) Density of states of the ground state of the initial geometry

(black curve) and the thermal averaged AIMD structures (red curve)
over 40 (10) snapshots between t = 2 ps and 6 ps (dashed: t = 1 ps and
2 ps) using hybrid DFT calculations. The pDOS for each snapshot as
well as the HOMO and LUMO orbitals are given in the movie SM1, ESI.¥
(b) Probability distribution |y|? for the HOMO and the LUMO averaged
from 1 to 2 ps (dashed curve) and from 2 ps to 6 ps the snapshots
across the z-position of the supercell. The GB regions are highlighted
in red and green for the center and the top/bottom GB, respectively.
(c) DD simulation of current density—voltage curves for a model PSC
including trap states of density 10 cm™ at GB regions with varying
trap energy level E; below the CBM.

ensure high performance in polycrystalline PSCs. Recently
proposed passivation strategies for GB defects include alkali
metals,*** chlorine doping,*****® or Lewis bases.***
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