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ABSTRACT: Many key features in photovoltaic perovskites occur
in relatively long time scales and involve mixed compositions. This
requires realistic but also numerically simple models. In this work
we present a transferable classical force field to describe the mixed
hybrid perovskite MAxFA1−xPb(BryI1−y)3 for variable composition
(∀x, y ∈ [0, 1]). The model includes Lennard-Jones and
Buckingham potentials to describe the interactions between the
atoms of the inorganic lattice and the organic molecule, and the
AMBER model to describe intramolecular atomic interactions.
Most of the parameters of the force field have been obtained by
means of a genetic algorithm previously developed to parametrize
the CsPb(BrxI1−x)3 perovskite (Balestra et al. J. Mater. Chem. A.
2020, DOI: 10.1039/d0ta03200j). The algorithm finds the best parameter set that simultaneously fits the DFT energies obtained for
several crystalline structures with moderate degrees of distortion with respect to the equilibrium configuration. The resulting model
reproduces correctly the XRD patterns, the expansion of the lattice upon I/Br substitution, and the thermal expansion coefficients.
We use the model to run classical molecular dynamics simulations with up to 8600 atoms and simulation times of up to 40 ns. From
the simulations we have extracted the ion diffusion coefficient of the pure and mixed perovskites, presenting for the first time these
values obtained by a fully dynamical method using a transferable model fitted to first-principles calculations. The values here
reported can be considered as the theoretical upper limit, that is, without grain boundaries or other defects, for ion migration
dynamics induced by halide vacancies in photovoltaic perovskite devices under operational conditions.

■ INTRODUCTION

Metal halide perovskites (MHP) have emerged as one of the
most studied semiconductors due to their excellent optoelec-
tronic properties.2,3 This is evidenced by the rapid develop-
ment of perovskite solar cells (PSCs) with a record certified
photoconversion efficiency of 23.7%, similar to those of silicon
cells.4 Nonetheless, industrial application of PSCs is critically
hampered by instability issues, including intrinsic, environ-
mental, and operational factors. Instability is attributed to
several chemical and dynamical processes that occur at very
distinct time scales, like ionic rearrangements and physical and
chemical interactions in the bulk and at interfaces with contact
layers. These phenomena cause current−voltage hysteresis
and, ultimately, device degradation.
It has been proven that the inclusion of organic molecules as

the A ion in the ABX3 formula of the perovskites increases the
efficiency and the stability of the cells. Promising results have
been recently reported for FAPbI3 solar cells, in which the
efficiencies obtained reach values larger than 25%.5−7

However, the structural phase that allows for the absorption
of photons and the creation of electron−hole pairs, the α-black

phase, is unstable, and rapidly decays to the δ-yellow phase,
useless for solar cell applications.6,8 A possible solution for that
is to mix different ions and molecules in the same active layer,
like the cesium ion and the methylammonium (MA) and
formamidinium (FA) molecules (Figure 1), which significantly
increases its stability without paying a high cost in efficiency.9

The combination of A = Cs, MA, FA; B = Pb; X = Br, I is
well-known to researchers working in perovskite solar cells
(PSCs). Many theoretical and experimental papers reported
the structural parameters and the different properties of this
kind of systems. Nevertheless, most of the theoretical studies
have been performed using Density Functional Theory (DFT)
calculations that imply working with a small number of atoms
and allow for very short time dynamics simulations. Some
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phenomena that have been experimentally observed and
described in these mixed supercells, such as ionic diffusion
and segregation, cannot be modeled using first-principles
techniques. This is one of the reasons that leads us to think
that a classical model for hybrid perovskites would be very
useful, since a parameter such as the diffusion coefficient would
be easily accessible through a classical molecular dynamics
(CMD) simulation.
The strategy of developing and using quantum mechanically

derived force fields for functional materials is not new and has
been applied to model noncovalent interactions in pro-
teins.10,11 More recently, this kind of method has been
explored and applied to functional materials such as organic
LEDs by Odinokov and co-workers.12 Prampolini et al.13 used
quantum mechanically derived force fields to predict self-
assembly of organic molecules.
In the specific case of perovskites, two classical force fields

(FFs) developed in the University of Cagliari by Mattoni and
co-workers for the MAPbBr3

14 and the MAPbI3
15 reproduce

accurately the behavior of these two compounds. Handley and
Freeman16 also devised a FF for MAPbI3 by fitting ab initio
and experimental properties. The resulting set of parameters
simulates accurately the structure and atomic ordering of this
material in a wide range of temperatures. However, all these
models are not transferable, which means that they cannot
describe mixed hybrid perovskites.
With this motivation, some of the authors of this paper

developed a FF that properly describes the properties and the
behavior of the compositional set CsPb(BrxI1−x)3 (∀x ∈ [0,
1]).1 To parametrize the mentioned FF, they developed a
homemade genetic algorithm (GA). It uses the energies
computed by an atomistic classical code to calculate the
energies of different structures that can be compared with
reference DFT results to achieve an optimal fitting of the
parameters.
Following the same line of research, here we present a

classical model potential, that is, a classical FF, capable of
adequately describing the mixed hybrid perovskite
MAxFA1−xPb(BryI1−y)3, with x and y ranging between 0 and
1. We have checked that the model reproduces the lattice
parameter of each pure compound as reported in the literature.
We have also produced experimental and theoretical XRD
patterns to prove that the structure is also well described. After

that, by running molecular dynamics simulations with the fitted
FF, we have predicted some results for different combinations
of ions. For example, we have obtained the diffusion
coefficients of the I and Br ions at realistic conditions of
pressure, temperature, and number of crystalline defects
characteristic of these materials in a solar cell in operation.
The purpose of this work is 2-fold: (1) On the

methodological side, we show how a combination of genetic
algorithm fitting (to DFT inputs) plus human refinement of
parameters can produce a fully transferable force field for
mixed perovskites. (2) On the solar cells side, we report
classical molecular dynamics simulations for mixed perovskites
in time scales of several tenths of nanoseconds that reproduce
structural and dynamical properties that are very relevant in
the functioning of a perovskite solar cell.
The results obtained in this work compare very well with

other theoretical and experimental data reported in the
literature for crystalline perovskites. However, the results
produced for the ionic diffusion coefficients cannot be directly
extrapolated with the values that justify the low frequency
behavior of perovskite solar cell in operating conditions
(hysteresis, impedance spectra, etc.). Still, they represent the
expected value for a perfectly crystalline solid with ionic halide
vacancies but with no other type of defects such as grain
boundaries. Considering that they were actually derived from a
classical FF fitted to DFT energies, the ion diffusion
coefficients here reported can be considered as the upper
theoretical limit for ion dynamics in perovskite solar cells.

■ THE CLASSICAL FORCE FIELD
To describe the interaction of the C and N ions included in the
MA and the FA and the inorganic lattice, that is, Pb, I, Br ions,
and between the ions of the inorganic lattice themselves, we
have used the Buckingham potential, plus the Coulomb
interaction
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It includes a repulsive term and an attractive term, and is
usually chosen because the Pauli repulsion is well described by
its exponential form. This potential model also has proven to
work accurately for many materials, including other perovskites
as mentioned before.1,14,15 In this work, based on the relative
weight of the attractive term with respect to the Coulomb part,
we have set the “c” parameter in all Buckingham interactions to
zero (see the Supporting Information Figure S1 for a more
detailed justification of this choice). Note that the
simplification of neglecting the “c” parameters, in spite of its
obvious validity, was not even considered in previous work, as
we demonstrate in Figure S1.
To describe the nonbonded terms, which include the

interaction between atoms of different organic molecules, and
all the interactions including hydrogen atoms, we have
employed a Lennard-Jones potential plus the Coulomb
interaction
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This potential also includes a repulsive and an attractive term,
in a simpler way than the Buckingham potential. It has been

Figure 1. Top: crystalline structure of metal halide perovskites.
Bottom: Methylammonium (MA, left) and formamidinium (FA,
right) ions. The atoms included in the molecules are C (gray), N
(blue), and H (white). Useful notation has been included in the FA
molecule. (Figure created using https://molview.org.).
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used in many previous works to describe this type of
interactions.17−20

Organic molecules (Figure 1) are modeled by means of the
AMBER model.17 This model maintains the shape of the
molecule by including permanent harmonic bonds,angles and
permanent dihedrals. The energy of the molecule is calculated
via eq 3:

∑ ∑
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This model has been used to describe many different organic
molecules.21 It also allows for the possibility of distinguishing
between different realizations of an atom of the same element.
For instance, the parameters of the sp3 C of the MA can be
different than the parameters of the sp2 C of the FA. Moreover,
the parameters of the N’s depend of the number of ions with
which they are bonded. Also the H’s bonded to a C or a N are
also different. All these details will be further discussed in the
parametrization section.
The ions in the organic molecules placed at a distance of 1

or 2 bonds (for example, the C−N in the FA and the N−N in
the FA, respectively) only interact by the bonded terms. That
means that a pair of bonded atoms is only determined by the
bond, angle, and dihedral potentials. Ions placed at a distance
of three bonds (for example a C-bonded hydrogen or a N-
bonded hydrogen) feel the Lennard-Jones interaction and the
Coulomb interaction, but not at its full strength. We set
weighting coefficients of 1/2 for the LJ and

5/6 for the Coulomb
interactions, as is typically done for the AMBER model.17 Ions
placed at a distance of four bonds (H’s bonded to the N’s in
the FA) feel the whole LJ and Coulomb interactions.

■ PARAMETERIZATION OF THE MODEL
DFT Methodology. Our classical FF was trained against a

set of reference data calculated with density functional theory
(DFT) with the PBE + DFT-D3(BJ) exchange-correlation
functional23−25 in the VASP software package.26,27 The choice
of DFT-D3(BJ) was made based on extensive comparison of
the performance of several functionals, PBE, PBEsol, and PBE
with vdW corrections, such as PBE-D3,28 PBE-D3(BJ),25 and
meta-GGA functional SCAN29 in combination with several
vdW correction schemes, including D3, D3(BJ), and rvv10.30

Our results using pseudocubic MAPbI3 or FAPbI3 in Figure 2
indicate PBE-D3(BJ) and SCAN-rvv10 perform the best in
predicting the lattice parameters and volume with minimum
differences (<0.1% and <0.2% for lattice parameters and
volume) compared to the experiments.22 This highlights the
importance of including the vdW corrections when studying
hybrid perovskites involving organic cations. Considering
SCAN-rvv10 being computationally expensive and the need
of creating a large training data set, we have chosen PBE-
D3(BJ) for the rest of the DFT calculations. The outermost s,
p, and d (in the case of Pb) electrons were treated as valence
electrons, of which the interactions with the remaining ions
were modeled by pseudopotentials generated within the
projector-augmented wave (PAW).31,32 We have taken the
initial bulk structure of cubic FAPbI3 and MAPbI3 from the
literature.33 For all the calculations of distorted structures, the

ions were relaxed while keeping the lattice parameters fixed.
The energy and force convergence threshold were kept at 10−4

and −0.05 eV/ Å, respectively. Gaussian smearing with a sigma
value of 0.02 is used. An energy cut off of 500 eV and K-points
of 6 × 6 × 6 are considered for all structures of pseudocubic
perovskites described below.
We have modeled electrostatic interactions using atomic

point charges. The point charges of all chemical elements in
the perovskite materials were calculated using the Density
Derived Electrostatic and Chemical (DDEC6) method,34,35

which was proven to be useful in predicting the electrostatic
interactions in halide perovskites.36

After optimizing the bulk structure, we have generated the
distorted structures in various ways to produce a large number
of distorted structures to fit the GA (see next section). The
following distortions have been used (see Figure 3):1

• Contraction and expansion of the length of the unit cell
by 0.1 Å. This was applied to all three sides all together
and individual sides too while keeping two of the sides
intact and varying the other one.

• Contraction and expansion of the angles of the unit cell
by 1 degree. This was applied to all three angles all
together and individual angles, keeping two of the angle
intact and varying the other one.

Since we are dealing with perovskites which have a central
organic molecule, we have also oriented them with different
angles. We have rotated them along the a, b, and c directions
by 22.5 degree individually until 360 deg to produce a set of
distorted structures.
To obtain the parameters of the AMBER model, bonds,

angles, and dihedrals of the organic molecule were distorted as
shown in Figure 3. Further details are presented in the next
subsection. To obtain the energy change produced by only
distorting the organic molecule we have performed single point
calculations instead of relaxations.

Fitting Bond, Bend, and Torsion Parameters for the
Organic Cations. In this section we detail how we have
proceeded to obtain the force constants, angles and
equilibrium distances for the interactions in the molecular
mechanics of organic cations. For the bonded terms of MA we
took the parameters directly from the GAFF library,21 because
they have been proven to reproduce accurately the behavior of
the molecule studied here, as have been shown by Mattoni et
al.14,15

Figure 2. Deviations in lattice constant between theory and
experiment22 for all functionals tested.
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In the case of the FA, as shown in Figure 1, there is a double
bond, which can lead to confusion when trying to reproduce its
effects by a classical FF. One could think of modeling the two
N’s in the FA with two different bonds, one with a single bond
and the other with a double bond. However, it is more realistic
to assume that both bonds are equivalent with an intermediate
strength between a single and double bond (conjugated bond).
Bearing all this in mind, we include six different atoms in the
AMBER model as follows: CFA, CMA, NFA, NMA, HN, and HC.
Added to the Pb, I, and Br, we work with nine different atoms/
ions in total.
To obtain values for the FA parameters, we started by taking

them from the same library. However, the parameters for the
angle interaction between a “n3” nitrogen, a “c2” carbon and a
“hx” hydrogen (according to the GAFF notation) are missing.
That means that nobody has modeled such an interaction
before, or if somebody has, it has not been included in the
library. In a first try, we used angle parameters of similar
elements than the ones included in this case, but the result was
that the FAPbI3 compound was unstable when running a MD
simulation with our first parameter set. To ensure good
reproducibility of the experimental results and the stability of
the compounds in the subsequent classical molecular dynamics
simulations, we developed a set of new parameters (no GAFF
based) for the intramolecular interactions of the FA cation,
compatible with the AMBER formulation. We proceeded by
fitting the energy of the system to energies obtained by first-
principles for different distortions of the bonds, angles, and
dihedrals of the FA molecule in a FAPbI3 unit cell. We
assumed that the energy change in the unit cell is entirely due
to the internal change produced in the molecule by the
distortion, and not to the change in the interaction between
the displaced atoms in the molecule with the elements of the
crystal lattice because of the small changes in the relative
distances between them. It could be argued that it would have
been more efficient to work with the isolated ion using
literature procedures.37,38 However, considering that the
formamidinium is a charged molecule and that some kind of
charge compensation would be needed, we found it most
convenient at this stage to work with the full unit cell. Still,

these alternative procedures could be more adequate for
calculations involving larger organic ions.
The calculations were performed as follows. To parametrize

the bonds, we manually generated various geometries by
stretching and shrinking a chosen bond taking advantage of the
symmetry of the molecule. In Figure 4 we present, as an

example, the DFT energy difference (ΔE = E − Egs) for the
C−HC bond. In this case, a simple fit to a harmonic function
give us the values of the elastic constant K and the equilibrium
distance r0 for this bond.
To parametrize the angles is trickier, because distorting an

angle to check how the energy changes causes indirectly a
change in another one. For example, to obtain the parameters
for the NCHC angles, when increasing the left angle θ
(notation of Figure 1), the right angle θ′ decreases. In this
specific case, as the angles are equivalent, the elastic constants
are the same. Also, the angle differences, as they are squared,
will provide the same result. Thus, the energy difference can be
obtained as

θ θ θ θ

θ θ

Δ = − + ′ −

= −

E K K

K

( ) ( )

2 ( )

NCH 0
2

NCH 0
2

NCH 0
2

C C

C (4)

Figure 3. Illustration of distortions applied to calculate the DFT energies.

Figure 4. Fits to the energy difference between each distortion of the
FA and the ground state, calculated by DFT. On the left we show it
for the CHC bond, and on the right we show it for the NCN angle, as
representative cases.
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This equation can be directly fitted to the DFT calculated
reference energies. To obtain the NCN angle parameters, we
distorted the molecule by increasing and decreasing the angle
treating the NH2 group as a rigid set. As mentioned before,
distorting this angle modifies indirectly the NCHC angle, the
parameters of which have already been calculated by eq 4 and
are necessary to obtain the new ones

θ θ φ φ

θ θ

φ φ

Δ = − + −

⇒ −

= Δ − −

E K K

K

E K

( ) ( )

( )

( )

NCN 0
2

NCH 0
2

NCN 0
2

NCH 0
2

C

C (5)

By performing another manual fit these parameters can be
calculated. This calculation is also presented in Figure 4, where
we can observe that the harmonic function perfectly fits the
DFT energy differences.
To obtain the parameters of the three angles that have the N

as the central atom, we have performed three different sets of
calculations: rotating one of the HN’s, the other, and both of
them maintaining the angle between them. By doing that we
obtain the following set of equations that allow us to determine
the rest of the missing parameters

α α γ γ

β β γ γ

α α β β

Δ = − + −

Δ = − + −

Δ = − + −

E K K

E K K

E K K

( ) ( )

( ) ( )

( ) ( )

1 1 0
2

3 0
2

2 2 0
2

3 0
2

3 1 0
2

2 0
2

(6)

where α, β, and γ are the bond angles (notation of Figure 1.)
To obtain the dihedral parameters, because of the

complexity of the distortions and the number of possibilities,
we just took some examples of distorted structures in which
the dihedral contribution to the energy is clearly relevant and
performed some fits to obtain a first approximation. The final
values were obtained by including the first values as initial
guesses in the genetic algorithm. We did that to improve the
energy fitting to the DFT energy values and to avoid the
complexity of the dihedral calculations.
Final values of the classical FF parameters, including

Lennard-Jones, Buckingham, and AMBER models for both
ion and molecules are presented in the Supporting
Information.
Electrostatic Interactions. We have put a great deal of

effort into developing a classical FF which will be able to
efficiently model dynamical properties of the mixed perovskites
while ensuring structural stability. Besides, we tried to keep the
model as simple as possible to allow for large scale atomistic
simulations. For this reason, we assume here some limitations
by omitting the possible polarization of the structural anions I
and Br in the precise structural description. Hence, we
restricted the model to the derivation of optimized atomic
point charges as used in previous classical FFs for perovskite
materials.1,14,15 For these point charges, we first developed our
model using the values obtained with the DDEC6 method, as
described in the DFT methodology section, and we modified
them to meet the following requirements:

• The MA and FA ion molecules, as a whole should have
the same charge.

• The Br and I ions should have the same charge.
• The system should be electrically neutral.
• For simplicity, charge values of the HC’s and the HN’s

are fixed equal in both molecules.

First tries with the GA (vide inf ra) using the charges derived
in this way did not result in a stable FF for perovskites in the
molecular dynamics simulation. Inclusion of an extra
parameter in the algorithm, a factor that multiplies all the
charges at the same time (in order to keep charge neutrality)
was demonstrated to be critical, because a small change in it
would affect the energy of all the Coulomb interactions of the
system, which gives them a predominant role over the rest of
the parameters involved in the model. For this reason, and in
order to find a set of charges that ensured physical stability of
the subsequent molecular dynamics simulation with the
classical FF, we modified manually the value of this common
factor.
It is well-known that in hybrid metal halide perovskites,39,40

the frontier orbitals and the electronic band gap are mainly
advanced by the Pb and I/Br orbitals rather than by the
organic A cations, whose influence is only marginal. It is then
reasonable to think that the interaction of the A cations with
the PbI3 framework is less covalent and weaker41 and that it
has a more ionic character. Within this line of thought, we
found that multiplying the charges by a common factor (in
particular, 2.5) such that the charges become closer to the
nominal ionic charges (for instance 2 for Pb2+ and +1 for the
whole organic cations) resulted in a stable model in the
molecular dynamics simulation. The final values obtained by
this “human learning” procedure are collected in Table 1. It is

important to mention that the resulting high charges determine
a FF in which most of the attractive contribution to the energy
is due to the electric charges of ions and counterions, in line
with the more ionic character of this interaction. In this
respect, we refer the reader to the discussion on the choice of
“c” parameters in the Buckingham potential, presented in the
Supporting Information.

Buckingham and Lennard-Jones Parameters: Genetic
Algorithm. The Buckingham and Lennard-Jones parameters
were obtained after fixing the values of the charges and the
parameters of the AMBER model. We have used a new version
of the genetic algorithm (GA) previously developed in our
group,1 adapted to work with LAMMPS instead of GULP to
calculate the energies of different structures. LAMMPS has
easier compatibility with the AMBER model; moreover, it is
the code that we will lately use to perform the MD simulations.
The GA is an artificial intelligence procedure that replicates

natural selection. For the ground state of a compound and for
its distorted structures, we have obtained the energy of each
configuration by DFT calculations. These energy values will be
reference data for the GA. The populations in the GA world
are different sets of parameters of our classical FF. Each set of
parameters will be worse or better “adapted” to reproduce the
DFT energies. After each iteration, the best adapted population
survives, and new children are created by mixing the genotype
of the survivor sets of parameters. Random mutations are also
included in the children to increase the variability of the

Table 1. Final Values of the Charges of the Classical Force
Field

ion q(|e|) ion q (|e|)

CFA 0.9717 HC 0.28
CMA −0.4422 HN 0.74
NFA −1.2735 Pb 1.9713
NMA −0.9531 Br,I −1.212
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sample, which allows exploring more regions of the configura-
tional space. Once that a given tolerance factor is small enough
or a certain number of iterations have been carried out, we
obtain the final set of parameters, the one that better
reproduces the DFT calculations of all those that have
appeared in the GA world. More specific details of the GA
can be found in ref 1. The new version of the code is available
online at github.com/salrodgom/flama/releases/tag/v1.1.
Instead of running the GA for the 4 pure perovskites we

want to describe, we took advantage of the possibility that the
ABX3 formula allows directly mixing Br and I. By doing that,
we are still able to perform calculations with a unit cell of five
ions (including MA+ and FA+ ion molecules), and obtain the
parameters of the Buckingham potential for the interaction
between I and Br atoms directly from the GA. Thus, the two
intermediate compounds we have studied are MAPbBr2I and
FAPbBr2I. Our reference structure is always the pseudocubic
one, because for pure perovskites it is the one occurring in
solar cells in the operative regime. The exception is MAPbBr2I,
which crystallizes in a tetragonal structure with a very small c/a
ratio, so this approximation should be accurate enough. As we
have included just one crystal phase of each compound,
probably our model potential will not be able to describe phase
transitions known to be occurring in these systems, (as
achieved, for instance, by Mattoni et al.15 and Hata et al.,14

with their system-specific force fields). However, this is not a
fundamental problem since we aim at describing the perovskite
material in a solar cell in operation, where phase transitions are
neither expected nor desirable. Hence, our classical FF is a
“made-to-purpose” model, and it is not intended to describe
the full phase behavior of the material.
We have produced and computed around 120 distorted

structures for each perovskite. The included distortions can be
classified in three groups: distortions involving one of the
lattice parameters or the three at the same time, distortions
involving one of the angles of the unit cell or the three at the
same time, and rotations of the organic molecule, avoiding in
all cases equivalent situations. This set of distortions gives
enough DFT energy values to the GA to be able to fit the
model potential with a good level of accuracy. Some of the
nonisotropically distorted structures had to be discarded
because the energies obtained by DFT calculations were
lower than the ground state of the perfect cubic structure. This
fact, which is apparently puzzling, is justified by the fact that
the cubic structure is not the one with the lowest energy value
of the compounds. Some distortions can bring the shape of the
cell closer to the phase with the lowest energy value, and
provide a lower energy value than the cubic ground state, but a
higher energy than the tetragonal phase.
Improving Transferability. After running the GA for the

pure systems, and in order to have a transferable model
between MA and FA, we averaged the common interactions
(Pb−Pb, Pb−I, ...) obtained in the two different calculations
for the two different mixed compounds. We then ran again the
GA fixing the common interaction parameters values to let the
other parameters readjust to the new averaged values of the
common parameters.
To have a complete transferable model, we need to obtain

yet the parameters of the interaction between the carbon and
the nitrogen atoms of the two different organic molecules. In
contrast to the case of mixing I and Br, it is not possible to run
the GA with a mixture of MA and FA molecules without
creating a larger unit cell, because of the stoichiometry of the

formula ABX3. Instead, to obtain the missing parameters we
averaged the known interactions between C and N atoms that
have been obtained in the GA calculations using the following
mixing rules

− → [ − + − ]

− → [ − + − ]

− → [ − + − ]

− → [ − + − ]

C C (C C ) (C C ) /2

N N (N N ) (N N ) /2

C N (C N ) (C N ) /2

N C (N C ) (C N ) /2

MA FA MA MA FA FA

MA FA MA MA FA FA

MA FA MA MA FA FA

MA FA MA MA FA FA

We expect this procedure to work adequately for the
following reasons. The interaction between a CMA and CFA for
example is not expected to change significantly with respect to
the interaction between two CMAs or two CFAs. They are very
similar ions, placed at approximately the same distance in both
cases, and also surrounded by many H ions, so in the collective
interaction of two whole organic molecules these will produce
just a small amount of the total repulsion felt by the
neighboring atom.
All parameters of the classical FF, as derived from the

application of the GA and by the subsequent refining and
fitting to DFT energies, can be found in the Supporting
Information in Tables S1−S5.

■ FORCE FIELD AND CLASSICAL MOLECULAR
DYNAMICS RESULTS

Application of the GA with the procedures described before
led to a “first-guess” version of the classical FF. In Figure 5 we

plot the energy of each distorted configuration with respect to
the energy of the ground state, from both DFT and from the
classical model. These values are important because they are
the ones that appear in the function that the GA uses to
establish how well a parameter set of the model reproduces the
quantum results (cost function). As can be observed, both lines
follow the same trend, except in the distortions corresponding
to some orientations of the MA and FA cations. We attribute
this anomaly to the fact that in the classical calculation there is
no contribution of the rearrangement of the electronic
structure upon a reorientation of the organic cations. However,
in spite of these discrepancies, the behavior of the system is
well reproduced, at least qualitatively.

Figure 5. Energy difference between each distorted structure and the
ground state, for the DFT calculations and for the calculations with
the classical FF. We show the results for both of the compounds we
have modeled employing the genetic algorithm. The dashed lines
distinguish between distortions of the lattice parameter (left),
distortions in angles (center), and different orientations of the
organic molecule (right).
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Simulation Details and Stability of the Model. As
mentioned before, an important test when developing a FF
from scratch is to confirm that the dynamics is stable and that
the crystalline structure does not break down. To check this,
we ran simulations with a 6 × 6 × 6 supercell, at 600 K of
temperature and 1 atm of pressure for the four pure
perovskites. We use a time step of 0.5 fs. Simulations were
started from a perfectly cubic unit cell with a lattice parameter
of 6.2 Å while forcing the system to stay in a perfect cubic cell
(instead of pseudocubic) along the full span of the simulation.
To obtain the volume of the system first we run a 100 ps long
simulation in the NPT ensemble and averaged the volume over
the last 50 ps. After that, we fixed the volume and thermalized
the system in the NVT ensemble for 3 ns. We found it
necessary to extend the thermalization for such a long time
because of the long relaxation times of molecular orientations.
A Nose-́Hoover thermostat was used to fix the temperature.
Finally, we run a NVE simulation of 20 ns. The energy and the
temperature plots versus time show the typical fluctuations in
these kind of simulations, which means that the first-guess
version of the classical FF is a model with intrinsic stability.
Plots of the time evolution of the energy for these exploratory
simulations can be found in the Supporting Information
(Figure S2).
In spite of the encouraging result regarding stability, we

observed that the lattice parameter of the MAPbI3 material as
predicted by the simulation (6.0 Å) was too short in
comparison with literature values.14 Although the rest of the
lattice parameters were in much better agreement,22,42 it was
found necessary to manually modify the model to correct this
anomaly. Hence, we multiplied by 200 the A parameter of the
Buckingham potential of the interactions between the C and N
of the MA with the I. As this parameter represents the strength
of the repulsion between these ions, increasing it leads to a
larger volume of the MAPbI3 unit cell, as desired. It is
worthwhile to compare the lattice parameters obtained here for
the perovskites for which there is already a force field, that is,
MAPbI3 and MAPbBr3. The reported results are 6.25 and 5.9
Å, respectively.14,15

Lattice Parameters. The parameters of the final version of
the classical FF are presented in the Supporting Information.
Lattice parameters, as predicted by the classical FF, are shown
in Figure 6 as a function of temperature and composition. Our
simulated data compare very well with the experimental results
of Noh et al.,43 Zhang et al.,44 and Levchuck et al.45

We observe that the FF replicates the expected behavior,
with the FA perovskites larger than MA ones, and with a
systematic expansion of the lattice with respect to temperature
and increasing concentration of iodine atoms. In this respect,
we calculated the thermal expansion coefficients using the
expression

α = ∂
∂

= ∂
∂
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Results can be found in Table 2. All of them are of the order
of 10−5 K−1 which compares well with an αV value of 1.57 ×
10−4 K−1 for the MAPI46 and αV = 2.2 × 10−4 K−1 for the
mixture FA0.5MA0.5PbI3.

47 However, in the first reference, the
authors indicate that their value is fairly high, and that other
thin-film solar cell materials present an αV of the order of 10

−5

K−1, which would be in better agreement with our results.

XRD Patterns. We have checked how well the classical FF
reproduces the experimental XRD patterns of the studied
perovskites. Simulated and experimental results are compared
in Figure 7 for MA perovskites and in Figure 8 for FA
perovskites. Experimental details about the preparation and
XRD characterization of perovskite films and powders are
collected in the Supporting Information.
The substitution of the iodide ion for the smaller bromide

ion in both FA and MA perovskite systems is followed by a
shift toward higher angles in the positions of the XRD pattern
peaks because of the corresponding reduction in interplanar
distances. This shift is accurately reproduced by CMD
simulations with the GA-fitted classical FF. In general, XRD
patterns are well replicated by the model with a cubic phase, in
spite of the fact that in the experiment the perovskite is in a
tetragonal phase with small c/a ratio. However, the similar shift
produced by FA/MA substitution in the α-black phase of FA
perovskites is not completely caught by the model although
this deviation is actually very small (see Supporting
Information, Figure S3).

■ DYNAMICAL PROPERTIES
One of the main objectives of our made-to-purpose model is to
reproduce correctly the dynamical properties and the ion
migration features of the mixed perovskites at typical working
conditions of the solar cell. Specifically, we have run
simulations of 10 ns in the same conditions we used to
check the stability of the model to obtain the diffusion
coefficients of the different ions. To achieve that, we have
calculated the mean squared displacement (MSD) of each one
of them. MSD is defined as a statistical average of the change
in the ion positions in the simulation

∑= ⟨ ⃗ − ⃗ ⟩ = ∥ ⃗ − ⃗ ∥
=

r t r
N

r t rMSD ( ( ) (0))
1

( ) (0)
i

N
2

1

2

(8)

Figure 6. Lattice parameters of the four pure compounds we can
model, obtained using the final version of the classical FF. We
represent them as a function of the temperature (top) and as a
function of the I/Br ratio (bottom). Red and blue symbols correspond
to MA and FA perovskites, respectively. For the sake of comparison,
we have included experimental data points taken from the literature.

Table 2. Volumetric Thermal Expansion Coefficients of the
Four Pure Compounds, Calculated by eq 7

compound αV (K−1)

FAPbI3 5.5 × 10−5

MAPbI3 4.1 × 10−5

FAPbBr3 4.2 × 10−5

MAPbBr3 7.0 × 10−5

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://doi.org/10.1021/acs.jcim.1c01506
J. Chem. Inf. Model. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.1c01506/suppl_file/ci1c01506_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.1c01506/suppl_file/ci1c01506_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.1c01506/suppl_file/ci1c01506_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.1c01506/suppl_file/ci1c01506_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.1c01506?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.1c01506?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.1c01506?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.1c01506?fig=fig6&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.1c01506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In this equation, the index i runs over all the N migrating ions.
If the ions follow a diffusive regime, the MSD would increase
linearly with time, and will be related with the diffusion
coefficient as

=D
t

1
6

MSD
(9)

Results for typical MSDs can be found in the Supporting
Information in Figure S4. Within this formalism, we have not
been able to appreciate diffusion of neither Pb ions nor the
organic molecules, even using a large number of vacancies and
a temperature of 600 K. This is sort of expected knowing the
activation energies of the Pb and the MA (2.31 and 0.84 eV,
respectively) and also the reported diffusion coefficient of the
MA (10−16 cm2 s−1).48 However, we succeeded in obtaining
the diffusion coefficients of the halide ions. For each pure
compound, we ran simulations for five temperature values and
for two alternative numbers of vacancies. Moreover, for each
combination of these two variables, we run three simulations
with different initial conditions, locating the vacancies in
different positions, to improve the statistics and reduce the
numerical error.
It is important to mention that at 300 K diffusion is so slow

that the required simulation time exceeds common computa-
tional resources. So we decided to calculate the diffusion
coefficient at higher temperatures and extrapolate it to room
temperature using the Arrhenius equation

= −i
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RT
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a

(10)

where D0 is a temperature-independent preexponential factor,
Ea is the activation energy for diffusion, and R is the gas
constant. In Figure 9 we plot the fit to eq 10 for the four pure

perovskites, from simulations run with 24 vacancies (approx-
imately 5 × 1020 cm−3). Each point is an average over the
results of three different initial conditions. It can be seen that
Arrhenius equation fits accurately the simulated data. From the
fitting formula we can extrapolate the diffusion coefficients at
300 K and calculate the activation energy of each species. The
results are presented in Table 3.
We find values of the order of 10−10−10−11 cm2/s for the

diffusion coefficients and activation energies between 0.2 and
0.33 eV. We also observe that values from the simulations with
24 vacancies are more or less twice the ones of the simulations
with 12 vacancies, as predicted by the theory (vide inf ra).
Moreover, the activation energies of the studied systems do
not depend on the number of vacancies used the simulation.
Activation energy values are in the order of those reported in
the literature, both in experiments and DFT calculations: 0.17
eV,49,50 0.10 eV,150.1 eV,51 0.58 eV,48 and 0.22−0.28 eV.52 For

Figure 7. Experimental (left) and simulated (right) XRD patterns of the MA perovskites. Experimental data correspond to the cubic phase except
MAPbI3. See SI for details.

Figure 8. Experimental (left) and simulated (right) XRD patterns of the FA perovskites. Experimental data correspond to the cubic phase. See SI
for details.

Figure 9. Fit to the Arrhenius equation (eq 10) for the four pure
perovskites in simulations with 24 vacancies. Each point in this plot is
the average of the results obtained in three simulations with different
initial conditions.
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MAPbI3 the diffusion is so slow that no diffusion coefficient
could be derived from a simulation with 12 vacancies of just 10
ns.
From the results obtained with two concentrations of

vacancies, we can infer the jumping rate, which is independent
of the vacancy concentration, and use it to extrapolate the
diffusion coefficient to a realistic density of vacancies at room
temperature. To do so, we have applied the following
procedure, described in the references.53,54 The diffusion
coefficient Di of the specie i (which for us will always be I or
Br) is related to the jumping rate of the same species Γi by

= ΓD Zd
1
6i i

2
(11)

where Z is the number of neighbors (eight in our case) and d is
the jumping distance. In our case, as we are considering cubic
cells and jumps from one site of the octahedra to another, we
have
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where a is the lattice parameter. From eq 11 we calculate the
jumping rate, that is also related to the jumping rate of the
vacancies Γv of that species by

Γ = Γ
N
Ni

v

i
v

(13)

where the subindex v is used for vacancies, and Nv and Ni are
the vacancies and ions concentrations, respectively. In fact, as
concentrations always appear related in a fraction, we can
directly use the total number of vacancies and ions, which is
easier because we fix these values when creating the supercell
of the simulation. Once that we know Γv, we can calculate the
diffusion coefficient at 300 K with the number of vacancies
expected at room temperature via

= ΓD Zd
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We have calculated the expected density of vacancies taking
into account the reaction enthalpies reported in ref 55. In that
work, authors present three different reactions in which one or
more I vacancies in the MAPbI3 perovskite are involved, which
is the defect that enables diffusion. We expect these reactions
to provide a more realistic vacancy concentration than other
calculations that use DFT to obtain the energy formation of a
defect in isolation.56 Taking into account the three reactions
studied in ref 55, 4.25% of the I sites would be empty, which
corresponds to a vacancy concentration of the order of 1020

cm−3 for MAPbI3. In any case, our procedure makes it possible
to estimate the actual diffusion coefficient for any temperature
and vacancy concentration, should this be required for
different experimental conditions or alternative arguments by
which a different vacancy concentration can be argued.57,58

As the volume of the unit cell of all the studied perovskites is
different, we find it more sensible to extrapolate the result of
4.25% empty halide locations rather than the vacancy
concentration to estimate this parameter in all perovskites.
Hence, using eq 14 we are in the position to estimate the
diffusion coefficient of the halides in the four pure perovskites
at a temperature of 300 K for a realistic vacancy concentration.
The results are presented in Table 4.

As inferred from the results, we predict a faster diffusion for
the Br ions than for the I. This is an important result because it
would be a factor for intrinsic instability and phase segregation
of perovskites in operation.59,60 On the other hand, the impact
of Br/I substitution on the diffusion coefficient is much more
acute in the FA perovskites than in the MA ones. Since the
molecular size of the FA cation is larger (4 versus 3 Å), we
attribute this observation to a steric effect. This is also noticed
in the generally larger activation energies obtained for the FA
perovskites (see Table 3).
Diffusion coefficient values obtained for the estimated

vacancy concentration at room temperature are below those
reported by other simulation works.54,61 However, as discussed
before, they were obtained for a much larger concentration of
vacancies. Interestingly, our estimations a very similar to those
inferred by Kennard et al.62 from phase separation experi-
ments: 10−11 cm2 s−1. Our results are also 1 order of magnitude
higher than some other results reported in the literature.48,63

For instance, in order to reproduce the hysteresis of the IV
curve for typical scan rates of 100 mV/s and a (thermally
activated) frequency peak of 0.1−1 Hz in the impedance
spectra, a diffusion coefficient of the order of 10−12 cm2/s is
required for MAPbI3 cells.

63 However, we must bear in mind
that the values obtained with the procedure we devised here
correspond actually to a perfectly cubic crystalline solid, with
halide vacancies but without other defects such as grain
boundaries. This other type of defect, commonly present in
solution processed perovskites, would significantly delay the
ion dynamics in solar cells.64 The values here reported would
then correspond to the theoretical upper limit for ion diffusion
in perovskite crystals, as predicted using exclusively first-
principles arguments.
We have also run simulations for the mixtures presented in

Table 5. In this case, the linearity predicted by eq 14 with
respect to the concentration of vacancies is also approximately
maintained, and the activation energies are of the same order
as for the pure compounds. For perovskites that include I and

Table 3. Diffusion Coefficient at 300 K and Activation
Energy for Each Pure Perovskite with Two Concentrations
of Vacancies in the Supercell

compound N vac D300K [cm2 s−1] Ea [eV/ion]

MAPbBr3 12 1.4 × 10−10 0.27 ± 0.02
24 5.2 × 10−10 0.25 ± 0.02

FAPbBr3 12 1.6 × 10−11 0.32 ± 0.02
24 4.6 × 10−11 0.34 ± 0.02

MAPbI3 12 - -
24 8.0 × 10−12 0.20 ± 0.03

FAPbI3 12 5.0 × 10−12 0.29 ± 0.02
24 1.4 × 10−11 0.29 ± 0.02

Table 4. Predicted Values of the Diffusion Coefficient of
Halides in the Four Pure Compounds with Pseudocubic
Structure at 300 K and a Vacancy Concentration
Corresponding to 4.25% of Empty Halide Sites (Approx.
1020cm−3)

perovskite D300K [cm2 s−1]

MAPbBr3 4.6 × 10−10

FAPbBr3 4.5 × 10−11

MAPbI3 9.2 × 10−12

FAPbI3 1.4 × 10−11
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Br ions, we have computed a combined diffusion coefficient for
both of them. We observe that the diffusion increases with
increasing values of the Br/I ratio. For the mixed MA-FA case
with, we predict an easier mobility for the Br ions when they
are in a MA environment with respect to a FA one. We would
expect the same behavior when working with I instead of Br.
In order to rule out system size effects, and to get closer to

the macroscopic limit, we have extended the simulations to a 6
× 6 × 20 supercell (∼8600 atoms) and a total simulation time
of 40 ns. These longer simulations were run on a composition
of MA0.29FA0.71PbBr0.1I2.9

65 and with 4.25% empty halide sites
(see Figure 10). In these simulations an external electric field
up to 0.01 V Å−1 along the z direction has been applied. Ionic
segregation was not observed to occur in the system, probably
because it is a process that takes place in longer time scales.63

However, we have confirmed that larger samples produced
statistically equal values of the ion diffusion coefficients than in
the simulations with smaller samples, shorter simulations, and
without electric field, showing that the electric field does not
affect the ion migration properties at least in the short time
scale.

■ CONCLUSIONS
We have derived a classical force field with transferable
properties suitable to describe mixed perovskites
(MAxFA1−xPb(BryI1−y)3 ∀x, y ∈ [0, 1]) by molecular dynamics
with up to 8600 atoms and simulation times of up to 40 ns.
The force field parameters were determined by means of a
genetic algorithm that seeks the best set that fits DFT energies
for a combination of crystalline structures with several degrees
of distortion with respect to the equilibrium configuration, and
then refined to ensure stability of the molecular dynamics
simulations. The classical model reproduces correctly the
crystalline structure (as inferred from the comparison of the

simulated XRD patterns with experimental ones), the
expansion of the structure upon Br/I substitution, and the
thermal expansion coefficients. It also predicts activation
energies for halide diffusion in agreement with literature
values. Using theoretical arguments based on jumping rates
and an extrapolation scheme based on the Arrhenius equation,
we have been able to predict the ion diffusion coefficients of
mixed perovskites at room temperature and for realistic
concentrations of ion vacancies. Being based on long
simulations and big samples for a DFT-fitted classical forced
field, these values can be considered as optimal values (within
the accuracy of the procedure) obtainable from first-principles
for perfectly crystalline solids with no defects other than halide
vacancies. As real perovskites synthesized for solar cell
operation do always have a variable amount of defects and
grain boundaries, the value predicted in this work can be
considered as a theoretical upper limit for ion diffusion in real
perovskites for photovoltaic applications.
In spite of the general good performance of the force field,

we must note that our method is not fully automated and
requires human refinement at some stages, that is, rescaling of
charges and the repulsive term in the Buckingham potential to
fit experiments. In addition, it is important to clarify that the
reported parameter set is not aimed either at describing phase
transitions or perovskites which are not in a cubic or
pseudocubic structure. This would require additional training
with an expanded set of DFT energies. Still, our method is very
versatile and, hence, it could be considered a starting point in
the development of transferable force fields in these and other
perovskites.
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Table 5. Predicted Diffusion Coefficients for Various
Combinations of the FA Compounds and the MA-FA
Mixture

Compound N vac D300K [cm2 s−1] Ea [eV/ion]

FAPbBr1I2 12 1.0 × 10−11 0.27
24 1.4 × 10−11 0.31

FAPbBr2I1 12 1.1 × 10−11 0.32
24 2.1 × 10−11 0.33

MA0.5FA0.5PbBr3 12 3.6 × 10−11 0.29
24 6.2 × 10−11 0.32

Figure 10. Snapshot of the 6 × 6 × 20 structure. Code color of Pb, I, Br, C, N, H atoms: mauve, silver, seawater (larger spheres), gray, blue, and
white, respectively.
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Lee, Y. H.; Gao, P.; Nazeeruddin, M. K.; Zakeeruddin, S. M.;
Rothlisberger, U.; Graetzel, M. Ionic polarization-induced current-
voltage hysteresis in CH3NH3PbX3 perovskite solar cells. Nat.
Commun. 2016, 7, 10334.
(53) De Souza, R. A. Oxygen Diffusion in SrTiO3 and Related
Perovskite Oxides. Adv. Funct. Mater. 2015, 25, 6326−6342.
(54) Barboni, D.; Souza, R. A. D. The thermodynamics and kinetics
of iodine vacancies in the hybrid perovskite methylammonium lead
iodide. Energy Environ. Sci. 2018, 11, 3266−3274.
(55) Walsh, A.; Scanlon, D. O.; Chen, S.; Gong, X. G.; Wei, S.-H.
Self-Regulation Mechanism for Charged Point Defects in Hybrid
Halide Perovskites. Angew. Chem., Int. Ed. 2015, 54, 1791−1794.

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://doi.org/10.1021/acs.jcim.1c01506
J. Chem. Inf. Model. XXXX, XXX, XXX−XXX

L

https://doi.org/10.1088/1361-648X/29/4/043001
https://doi.org/10.1088/1361-648X/29/4/043001
https://doi.org/10.1039/C6CP05829A
https://doi.org/10.1039/C6CP05829A
https://doi.org/10.1021/ja00124a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00124a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9621760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9621760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9621760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp972543+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp972543+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.540040211
https://doi.org/10.1002/jcc.540040211
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1021/acs.jpclett.5b01432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevX.6.041005
https://doi.org/10.1103/PhysRevX.6.041005
https://doi.org/10.1103/PhysRevX.6.041005
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1038/s41598-017-14435-4
https://doi.org/10.1038/s41598-017-14435-4
https://doi.org/10.1038/s41598-017-14435-4
https://doi.org/10.1021/ct100125x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100125x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100125x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3002199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3002199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3002199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3002199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41560-019-0382-6
https://doi.org/10.1038/s41560-019-0382-6
https://doi.org/10.1038/s41560-019-0382-6
https://doi.org/10.1021/ct700113h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct700113h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.23877
https://doi.org/10.1002/jcc.23877
https://doi.org/10.1002/jcc.23877
https://doi.org/10.1103/PhysRevB.89.155204
https://doi.org/10.1103/PhysRevB.89.155204
https://doi.org/10.1021/acs.chemrev.6b00136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CP03220B
https://doi.org/10.1039/C5CP03220B
https://doi.org/10.1021/acs.jpcc.8b00602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b00602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl400349b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl400349b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6TC03592B
https://doi.org/10.1039/C6TC03592B
https://doi.org/10.1039/C6TC03592B
https://doi.org/10.1021/acs.nanolett.6b04781?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b04781?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b04781?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b01481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b01481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b01481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6TA06607K
https://doi.org/10.1039/C6TA06607K
https://doi.org/10.1039/C6TA06607K
https://doi.org/10.1038/ncomms8497
https://doi.org/10.1038/ncomms8497
https://doi.org/10.1021/acsenergylett.8b01212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b01212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b00247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b00247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5EE01265A
https://doi.org/10.1039/C5EE01265A
https://doi.org/10.1039/C5EE01265A
https://doi.org/10.1038/ncomms10334
https://doi.org/10.1038/ncomms10334
https://doi.org/10.1002/adfm.201500827
https://doi.org/10.1002/adfm.201500827
https://doi.org/10.1039/C8EE01697F
https://doi.org/10.1039/C8EE01697F
https://doi.org/10.1039/C8EE01697F
https://doi.org/10.1002/anie.201409740
https://doi.org/10.1002/anie.201409740
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.1c01506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(56) Meggiolaro, D.; Mosconi, E.; De Angelis, F. Formation of
Surface Defects Dominates Ion Migration in Lead-Halide Perovskites.
ACS Energy Letters 2019, 4, 779−785.
(57) Bertoluzzi, L.; Boyd, C. C.; Rolston, N.; Xu, J.; Prasanna, R.;
O’Regan, B. C.; McGehee, M. D. Mobile Ion Concentration
Measurement and Open-Access Band Diagram Simulation Platform
for Halide Perovskite Solar Cells. Joule 2020, 4, 109−127.
(58) Weber, S. A. L.; Hermes, I. M.; Turren-Cruz, S.-H.; Gort, C.;
Bergmann, V. W.; Gilson, L.; Hagfeldt, A.; Graetzel, M.; Tress, W.;
Berger, R. How the formation of interfacial charge causes hysteresis in
perovskite solar cells. Energy Environ. Sci. 2018, 11, 2404−2413.
(59) Li, W.; Rothmann, M. U.; Liu, A.; Wang, Z.; Zhang, Y.; Pascoe,
A. R.; Lu, J.; Jiang, L.; Chen, Y.; Huang, F.; Peng, Y.; Bao, Q.;
Etheridge, J.; Bach, U.; Cheng, Y.-B. Phase Segregation Enhanced Ion
Movement in Efficient Inorganic CsPbIBr2 Solar Cells. Adv. Energy
Mater. 2017, 7, 1700946.
(60) Brennan, M. C.; Ruth, A.; Kamat, P. V.; Kuno, M.
Photoinduced Anion Segregation in Mixed Halide Perovskites. Trends
in Chemistry 2020, 2, 282−301.
(61) Delugas, P.; Caddeo, C.; Filippetti, A.; Mattoni, A. Thermally
Activated Point Defect Diffusion in Methylammonium Lead
Trihalide: Anisotropic and Ultrahigh Mobility of Iodine. J. Phys.
Chem. Lett. 2016, 7, 2356−2361.
(62) Kennard, R. M.; Dahlman, C. J.; Nakayama, H.; DeCrescent, R.
A.; Schuller, J. A.; Seshadri, R.; Mukherjee, K.; Chabinyc, M. L. Phase
Stability and Diffusion in Lateral Heterostructures of Methyl
Ammonium Lead Halide Perovskites. ACS Appl. Mater. Interfaces
2019, 11, 25313−25321.
(63) Riquelme, A.; Bennett, L. J.; Courtier, N. E.; Wolf, M. J.;
Contreras-Bernal, L.; Walker, A. B.; Richardson, G.; Anta, J. A.
Identification of recombination losses and charge collection efficiency
in a perovskite solar cell by comparing impedance response to a drift-
diffusion model. Nanoscale 2020, 12, 17385−17398.
(64) Phung, N.; Al-Ashouri, A.; Meloni, S.; Mattoni, A.; Albrecht, S.;
Unger, E. L.; Merdasa, A.; Abate, A. The Role of Grain Boundaries on
Ionic Defect Migration in Metal Halide Perovskites. Adv. Energy
Mater. 2020, 10, 1903735.
(65) Castro-Chong, A.; Qiu, W.; Bastos, J.; Tchamba Yimga, N.;
García-Rodríguez, R.; Idígoras, J.; Anta, J. A.; Aernouts, T.; Oskam, G.
Impact of the implementation of a mesoscopic TiO2 film from a low-
temperature method on the performance and degradation of hybrid
perovskite solar cells. Sol. Energy 2020, 201, 836−845.

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://doi.org/10.1021/acs.jcim.1c01506
J. Chem. Inf. Model. XXXX, XXX, XXX−XXX

M

https://doi.org/10.1021/acsenergylett.9b00247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b00247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.joule.2019.10.003
https://doi.org/10.1016/j.joule.2019.10.003
https://doi.org/10.1016/j.joule.2019.10.003
https://doi.org/10.1039/C8EE01447G
https://doi.org/10.1039/C8EE01447G
https://doi.org/10.1002/aenm.201700946
https://doi.org/10.1002/aenm.201700946
https://doi.org/10.1016/j.trechm.2020.01.010
https://doi.org/10.1021/acs.jpclett.6b00963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.6b00963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.6b00963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b06069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b06069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b06069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0NR03058A
https://doi.org/10.1039/D0NR03058A
https://doi.org/10.1039/D0NR03058A
https://doi.org/10.1002/aenm.201903735
https://doi.org/10.1002/aenm.201903735
https://doi.org/10.1016/j.solener.2020.03.041
https://doi.org/10.1016/j.solener.2020.03.041
https://doi.org/10.1016/j.solener.2020.03.041
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.1c01506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

