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ABSTRACT: Increasing the stability of lead halide perovskites
(LHPs) is critical for their practical application in solar cells and
other technologies. Halide ion migration is one of the main
contributors to instability and hysteresis in LHP solar cells. Here,
we employ a series of Gedankenexperiments to quantitatively
establish the correlated effects of the A site cation motion, H
bonding strength, and octahedral rotation on halide ion migration
in APbBr; (A = Cs or methylammonium/MA) LHPs. We find that
in cubic CsPbBr;, the increase of PbBry octahedra rotation/tilting
during ion migration lowers the halide ion migration barrier by at
least 100 meV compared to the orthorhombic phase. In MAPbBTr;,
we show that halide ion migration is also assisted by MA cation
rotation to re-establish H bonding, resulting in lower halide
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migration barriers. These results suggest that “locking” the organic cation via chemical and processing means can help mitigate halide
migration-induced instability and reduced hysteresis in LHP solar cells.

B INTRODUCTION

Lead halide APbX; perovskite (LHP) solar cells have rapidly
risen in the ranks of photovoltaic (PV) technologies over the
past decade. The certified power conversion efficiency (PCE)
of LHPs has exceeded 25%  and is now on par with the record
performances of silicon solar cells. The hybrid organic—
inorganic perovksites (HOIPs), which contain an organic
cation such as methylammonium (CH;NHj or MA) or
formamidinium (NH,CHNH; or FA) on the A site, have
higher PCEs compared to inorganic LHP solar cells. However,
their instability in the presence of moisture or air or even
under illumination® > has become a major roadblock toward
their commercialization. Therefore, increasing efforts are being
devoted toward the development of inorganic LHPs, and their
PCEs have been steadily on the rise.”®

LHP solar cells suffer from hysteresis. A major contributor is
the migration of the halide ion,” which is also responsible for
phase segregation in mixed halide perovskites'®'" and
degradation of HOIP light emitting diodes (PeLEDs) under
electric bias.'” Previous density functional theory (DFT)
calculations have found low vacancy formation energies'"”*
coupled with low migration barriers for halide ions in
LHPs.""~"” Reducing ion migration has been shown to
enhance the stability of LHPs.'® In particular, octahedral
tilting/rotation and H bonding have been shown to stabilize
the LHP structure.'”' However, their role during the halide
ion migration has not been systematically investigated. Lai et
al.** used classical force fields to simulate anion interdiffusion
at the CsPbl;—CsPbBr; heterojunction and observed weak
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coupling between low-frequency octahedral tilting modes and
the surrounding lattice during vacancy hopping. Oranskaia et
al. have also compared halide ion migration in MAPbBr; and
FAPDBr; and attributed the lower halide migration barrier in
MAPDBr; to a lower H bonding energy.”’ Nevertheless, much
remains unknown about the potential coupling between
octahedral tilting/rotation and H bonding and its consequent
effect on halide migration barriers in organic as well as
inorganic LHPs.

In this work, we use a series of Gedankenexperiments to
quantitatively establish the correlated effects of the A site
cation motion, H bonding strength, and octahedral rotation on
halide ion migration in LHPs. As CsPbBr; and MAPDBr;
exhibit higher stability and higher resistance to degradation
under ambient conditions when compared to the iodide
counterparts,”*~** we have selected these LHPs as the model
systems for our study. We show that in inorganic CsPbBr;,
cooperative correlated octahedral rotation in the cubic phase
lowers the halide migration barrier when compared to the
orthorhombic phase. In HOIP, we find that the extent of
disruption of H bonding during ion migration is another major
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Figure 1. Br~ vacancy migration paths in the (a) cubic and (b) orthorhombic CsPbBr;. In the cubic phase, there is only one symmetrically distinct
path Al—AZ In the orthorhombic phase, there are six distinct pathways, four between nonequivalent sites B, and A, (dashed arrows) and two
between equivalent A, sites (solid arrows). (c) Comparison of kinetically resolved migration barriers in cubic and orthorhombic phases. (d) 2D
projection of the transition state structure in cubic CsPbBr;. (e) The average Pb—Br—Pb bond angle as a function of migration coordinate in the
cubic (solid red) and orthorhombic phase for path B,—A! (dashed blue) and Al—A2 (solid blue).

factor in determining the halide migration barrier. Based on
these results, we speculate that low-symmetry perovskites
would have higher halide ion migration barriers and hence can
be used to design low-hysteresis PSCs.

B METHODS

The DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP)*® within the projector augmented wave’
approach. The exchange-correlation was modeled using the Perdew—
Burke—Ernzerhef (PBE) Generalized Gradient Approximation
(GGA)*' functional.

Climbing image nudged elastic band** (CI-NEB) calculations of
halide vacancy migration barriers were performed on a 3 X 3 X 3
supercell (27 formula units) for cubic perovskites (CsPbBry and
MAPbBr;) and 2 X 2 X 1 supercell (16 formula units) for
orthorhombic CsPbBr;. I'-centered k-point meshes of 1 X 1 X 1
and 1 X 1 X 2 were used for cubic and orthorhombic supercells,
respectively. The energy cutoff was set at 520 eV, and the force
convergence criterion was 0.02 eV atom™". All analysis was gerformed
using the Python Materials Genomics (pymatgen) library.*®

The strength of hydrogen bonding between MA cations and the
inorganic framework was determined using the scheme developed by
Svane et al.** In this method, the monopole term of the electrostatic
interaction between the organic cation and anionic framework is
removed such that only the dipolar and higher order terms of
hydrogen bonding are obtained. This method was used to quantify
the change in the H bonding energy in MAPbBr; during ion
migration in this work. The complete details of these calculations are
presented in the Supporting Information.

B RESULTS

Br~ Vacancy Migration Barriers in CsPbBr;. Figures 1a
and 1b show the distinct migration pathways for the Br~
vacancy migration in cubic and orthorhombic CsPbBr;,
respectively. In cubic CsPbBr;, all Br sites are symmetrically

equivalent with only one distinct path, A!—AZ In ortho-
rhombic CsPbBr;, there are two symmetrically distinct Br sites
(A, and B,) and six distinct migration paths. Given that
symmetrically distinct sites have different energies, the
kinetically resolved activation barrier,”> which is the average
of the migration barriers of the forward and backward hops
(see Figure S2), is reported here.

Figure lc compares the Br~ vacancy migration barriers in
cubic and the orthorhombic CsPbBr;. The calculated
migration barrier in cubic CsPbBr; is 124 meV, while the
calculated migration barriers in orthorhombic CsPbBr; are
much higher, ranging between 187 and 260 meV. To probe the
factors contributing to the large difference in the migration
barrier in the two phases, the average of all the Pb—Br—Pb
bond angles was used as a metric to quantify the amount of
octahedral rotation/tilt present in a structure. The average
Pb—Br—Pb bond angles in the defect-free cubic and
orthorhombic structure are 180° and 156°, respectively. Figure
le shows the average of the Pb—Br—Pb angles as a function of
migration coordinate in cubic and orthorhombic CsPbBr;
(paths B,—A} and Al!—A?l). For cubic CsPbBr;, the average
Pb—Br—Pb angle decreases by about 2°, reaching a minimum
at the transition state (shown in Figure 1d), during Br~
migration but remains constant for the orthorhombic phase.
We may therefore hypothesize that the well-known decrease in
the energy of perovskites due to octahedral rotation”***~*’
during ion migration in the cubic phase results in a lower
migration barrier than in the orthorhombic phase.

Figure 2 compares the CI-NEB barriers for Br~ vacancy
migration barriers in cubic and orthorhombic phases where
successive shells of PbBrg octahedra were allowed to relax (all
Cs atoms were always allowed to relax). The octahedron to
which the migrating ion belongs is denoted as the “Oth shell”.
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Figure 2. Shellwise relaxation NEB migration barriers in cubic and
orthorhombic phase (path B,—A!).

The octahedra sharing corners with the Oth shell are denoted
as the “Ist shell”, and the ones sharing corners with the “Ist
shell” are denoted as “2nd shell octahedra” It is clear that
allowing successive shells around the migration path to relax
has a significantly larger effect on the Br™ migration barrier in
the cubic phase. For example, when all octahedra are frozen
(denoted as “single ion relaxation”), the barrier for path B,—A
in the orthorhombic phase (382 meV) is similar to those in the
cubic phase (409 meV). Allowing the Oth shell to relax
decreases the Br~ migration barrier in both phases by
approximately 100 meV. However, allowing the 1st shell to
relax decreases the migration barrier in the cubic phase by
more than 100 meV while the migration barrier in the
orthorhombic phases decreases by only 47 meV. Relaxing the
2nd and 3rd shells further decreases the migration barrier by
71 meV in the cubic phase, but it decreases only by 12 meV in

the orthorhombic phase. Similar results were obtained for
other paths in the orthorhombic phase as shown in Figure S4.

Br~ Vacancy Migration Barriers in MAPbBr;. In cubic
MAPDBr;, the perovskite “A” site is occupied by MA™ instead
of Cs™. At room temperature, the MA cations are free to rotate,
resulting in orientational dynamic disorder. However, upon
application of the electric field during cell operation, these MA
cations will align in the direction of the electric field because of
their dipole.*” In this work, the ion migration barriers were
obtained with all MA cations oriented along the (100)
direction, in line with the previous work by Luo et al.*’ Figure
3a shows the crystal structure of cubic MAPbBr; and the
distinct Br~ vacancy migration paths. Due to the symmetry
breaking by the aligned MA cations, the three paths A—B—A,
A—C—A, and C—B—C are all distinct. Paths A—B—A and A—
C—A are parallel to the C—N bond of the MA while path C—
B—C is perpendicular to the C—N bond. From Figure 3, we
may observe that the three distinct migration paths have
barriers ranging from 345 to 467 meV. It should be noted that
all three paths are not symmetric about the midpoint of the
migration coordinate due to the orientation of the MA cation.

Figures 4a, b, and ¢ show the average Pb—Br—Pb angle as a
function of migration coordinate for paths A—B—A, A—C—A,
and C—B-C, respectively. The migration coordinates
corresponding to transition states (saddle point with maxima
in energy) are indicated by the shaded regions. It is evident
that Br~ vacancy migration along path A—B—A is accompanied
by a considerable increase in the octahedral rotation (1°
decrease in the average Pb—Br—Pb angle) at the transition
state. The other two paths show smaller increases in the
octahedral rotation at the transition state (~0.5° and 0.25°
decrease in the average Pb—Br—Pb angle in paths A—C—A and
C—B—C, respectively). Similar to CsPbBr;, we speculate that
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Figure 3. Br~ vacancy migration paths in cubic MAPbBr;. Paths A—B—A (red) and A—C—A (green) are parallel to the C—N bond in the MA
cation whereas path C—B—C (blue) is perpendicular to the C—N bond. Energy along the minimum energy path for paths (b) A—B—A, (c) A—C—

A, and (d) C-B-C.
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octahederal rotation contributes to the slightly lower ion
migration barrier for path A—B—A compared to paths A—C—A
and C-B—-C.

In addition to octahedral rotation, there are differences in
the motion of two MA cations during ion migration. Figure
SSa shows angles ¢, 0, and y used to specify the orientation of
the MA cation in the structure. Angle 6 is the angle made by
projection of the C—N bond on the crystallographic a—b plane
(see Figure 3) with respect to the a axis. Angle ¢ is the angle
made by the C—N bond with respect to the c axis, and y is the
angle of rotation of the NH; group with respect to its initial
position during ion migration with the a direction as the axis of
rotation. Figures 4d—f show y as a function of migration
coordinate for the two MA cations (MA1 and MA2) that
showed significant reorientation during ion migration in the
three paths. Plots for the variation of ¢ and € are given in
Figure S5. It may be observed that paths A—C—A and C—B—C
exhibit much larger MA reorientation compared to path A—B—
A. This difference in MA reorientation can be understood in
terms of the differences in the migration paths. From Figure
4g, it may be observed that in path A—B—A, the Br™ moves
entirely in a plane that is parallel to the aligned MA cations.
Throughout the migration pathway, the Br™ is sufficiently far
away from the H atoms in the MA groups such that there is
little/no change in H bonding. Hence, there are only small
variations in ¢ along the migration path. In contrast, the path
A—C—A involves Br™ at site C that is initially H bonded to MA
moving to site A. The motion of the Br™ causes the rotation of
the MA group with the concurrent breaking and formation of
H bonds, as shown in Figure 4h. This results in much larger
variations in ¢, 6, and y along the migration path. The same
effect is present in path C—B—C (see Figure S6).

To decouple the effect of octahedral and MA rotations on
the migration barrier, selective dynamics NEB calculations
were performed in which the PbBry octahedra or MA cations
were frozen, denoted as “PbBrg-constrained” and “MA-
constrained” NEB calculations, respectively, in Figures Sa—c.
The values of the migration barriers are tabulated in Table SI.
When the PbBry octahedra are constrained, path A—B—A has
the highest increase in the migration barrier of 198 meV. When
the MA movement is constrained, there is a huge increase of
1623 and 2350 meV for paths A—C—A and C—-B-C,
respectively, and a relatively small increase of only 177 meV
for path A—B—A. These results are consistent with the fact that
path A—B—A exhibits the largest changes in PBP bond angle,
while paths A—C—A and C—B—C exhibit the largest changes
in MA rotation. By constraining the rotation of PBry octahedra,
the magnitude of the change in PBP angle along the A—-B—A
migration path becomes similar to that in paths A—C—A and
C—B—C, resulting in a large increase in migration barrier (see
Figures Sd—f). Constraining PbBrg octahedra rotation has a
relatively smaller effect on the total H bonding energy (see
Figures S7a—c).

Figures Sg—i show the change in H bonding energy as a
function of migration coordinate for individual MA cations
with significant change in H bonding energy at the transition
state from unconstrained and MA-constrained NEB calcu-
lations. For path A—B—A, the H bonding energy decreases by
only 30—50 meV at the transition state. In path A—C—A, there
is a huge decrease in the H bonding energy of rotating MA
cations (MA1 and MA2) of 600 meV. The positions of the two
MAs is symmetric to the Br~ vacancy migration path and
hence have a similar AH energy profile. Similarly, in path C—

B—C, large changes in H bonding energies are observed when
MA rotation is constrained compared to the unconstrained
calculations. Constraining MA rotation only has a small effect
on the changes in average Pb—Br—Pb angle as a function of
migration coordinate (see Figures S7d—f).

B DISCUSSION

By contrasting our NEB calculations in the inorganic CsPbBr;
and the hybrid organic—inorganic MAPbBr; perovskites, we
can derive new insights into the factors that influence Br~
migration barriers in these materials. While PbBr octahedral
rotation is common to both types of perovskites, MAPbBr;
also exhibits MA rotation and H bonding.

It is clear that octahedra rotation has a major cooperative
role in both types of perovskites. When PbBr, octahedra (up to
2nd shell), especially those that are in the immediate vicinity of
the migrating Br~, are constrained against rotation, significant
increases in migration barriers of ~100—200 meV are observed
in cubic CsPbBr; and the paths in MAPbBr; where H bonding
plays a smaller role (e.g, path A—B—A). In orthorhombic
CsPbBr;, a smaller degree of PbBrs octahedra rotation is
observed with Br™ migration; as a result, the migration barriers
are higher but also exhibit smaller changes with constraining
PbBrg motion. Hence, the ability of the cubic phase to
accommodate low-frequency octahedral rotation modes
facilitates anion mi§ration, which is also noted in a previous
study by Lai et al.”

In MAPDbBr;, it is clear that another major factor influencing
the Br™ migration barrier is H bonding, which is the driving
force behind MA rotation in certain paths. For paths where Br~
migration is accompanied by MA rotation, constraining MA
rotation results in a substantial change in H bonding (large 6H
bond) resulting in a more than 1000 meV increase in
migration barriers. The total AH bond energy values are
203, 233, and 183 meV at the transition state for paths A—B—
A, A—C—A, and C—B—C, respectively. Hence, we find that the
path A—C—A, which has the highest ion migration barrier, also
has the maximum disruption of H bonding during ion
migration.

The results in this work suggest that efforts to limit halide
migration in the organic—inorganic halide perovskites should
be targeted at “locking” the organic cation. While the
application of an electric field may be used to align the
organic cations (e.g, MA), the result is field-assisted Br~
migration in the preferred direction of organic cation
alignment.** The locking of the organic cation may be
achieved via chemical means, e.g, mixing of organic and
inorganic cations,” ™" or processing means, e.g., application of
pressure.”**> Application of pressure on cubic MAPbBr,
causes a phase transition to the orthorhombic phase and
achieves the desired outcome of “locking” of the organic
cations in specific orientations.** The enhanced interaction of
the NH; group with halide ions by mean of H bonding has
been identified as the cause of this ordering. Ghosh et al*®
found that the substitution of the smaller Cs* cation in low
concentration (10%) in FAPbI, lowers the crystal symmetry
and reduces the rocking motion of the octahedra. Additionally,
sluggish cation dynamics has also been observed in FA/MA/
Cs mixed perovskites’ where experimental*® and computa-
tional spectroscopies*® show evidence of N—H bond
stretching. This indicates an increase in the strength and
number of H bonds between organic cations and halides in the
inorganic framework, which can also achieve the locking of
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theorganic cations in specific orientations.”® Based on our
study, these structural changes should increase ion migration
barriers and perhaps explain the suppression of ion migration
observed in mixed cation perovskites.

B CONCLUSION

To conclude, we have performed a detailed study of Br~
migration in cubic and orthorhombic CsPbBr; and MAPbBr;
using NEB calculations. In inorganic CsPbBr;, cooperative
correlated octahedral rotation in the cubic phase lowers the
halide migration barrier when compared to the orthorhombic
phase. In MAPDbBr;, the extent of disruption of H bonding
during ion migration is the major factor in determining the
halide migration barrier. The results suggest that developing
low-symmetry LHPs with “locked” organic cations via
composition tuning or processing is a potential pathway to
reducing hysteresis in LHP-based solar cells.
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