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ABSTRACT: The diffusion of iodide defects has been considered
the most important degradation mechanism of methylammonium
lead iodide (MAPI) in solar cells. The present study demonstrates
the importance of the pressure inside this material on the dynamics
of iodide defects, using molecular dynamics simulations. It is
known that the diffusion coefficient of an iodide vacancy is an
order of magnitude higher than that of interstitial iodide. We show
that this difference systematically increases with increased tensile
strain and that both diffusion coefficients tend to zero when a
compressive strain is applied. This result suggests that compression
of the MAPI can be a good solution to reduce its degradation rate.
Besides, the statistical aspect of deriving the diffusion coefficient
from the mean squared displacement (MSD) is discussed in terms
of the initial conditions (positions and velocities) of the atoms and
the simulation time, considering different seeds of the pseudorandom number generator used in the simulations performed with the
LAMMPS software.

■ INTRODUCTION
Methylammonium lead iodide (MAPI)1 is a promising
photovoltaic material mainly due to its low-cost fabrication
and high power conversion efficiency, exceeding 24%.2 It has a
perovskite structure with CH3NH3PbI3 stoichiometry in which
the methylammonium (MA) molecule, or CH3NH3, has a 1:1
ratio with Pb and is located in the middle of a nearly cubic cell
made of PbI3. Then the structure polymorphism is dominated
by the kinetics of MA molecules; i.e., their random rotation
gives the cubic phase (Pm 3̅m), while more aligned molecules
lead to tetragonal (I4/mcm) and orthorhombic (P4/mbm)
phases. However, the MAPI material is currently characterized
by the lack of stability and relatively short lifetime in the
working conditions of a solar cell. It has been found that
diffusion of the negatively charged iodine ion, also known as
iodide, is the primary degradation mechanism of the MAPI
cell.3−6 Moreover, the iodide migration and accumulation at
the interfaces with the charge transport layers lead to a
hysteretic behavior of the current−voltage characteristic of the
device.7−9

In order to describe the behavior of the MAPI cells with
atomistic simulations, and in particular the iodide migration, a
simple but useful interatomic force field, called MYP, has
recently been developed.10 This force field allows modeling
several thermodynamic properties of MAPI via molecular
dynamics (MD) simulations.11 Using the MYP potential, the

variation of defect dynamics with temperature could be
simulated.12 The motion of defects near grain boundaries
was compared with experimental data,13 and strain introduced
by an external electric field due to caloric effects has been
studied.14 It has been shown that hydrostatic pressure can
affect the optical, electronic, and photovoltaic properties of
various hybrid perovskites.15−21 Earlier, it was shown that the
diffusion barrier changes with variation of the lattice constant,
which can be achieved by applying an external strain or by
alloying MA and I sites.22

The MYP potential has been verified to reproduce ab initio
results regarding the rotational dynamics of the MA cation and
the phase transition in MAPI.10,11,23 These properties are
achieved by using the Lennard-Jones potential for the
interaction of H atoms of the MA with the cage atoms and
Buckingam−Coulomb for the interaction of C and N with the
cage. The Lennard-Jones potential allows the orientation of the
MA, while the Buckingam−Coulomb fixes its center of mass.
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The diffusion coefficient obtained with MYP is also compatible
with that from the experimental results.24,25

In the present study, we utilize the MD method to
determine the effect of pressure on the iodide defect dynamics
in MAPI. We consider separately the motion of an iodide
vacancy and of an interstitial iodide ion. Apart from the
presence of the defect, the MAPI material is assumed to be
homogeneous.

■ METHODS
We performed our simulation with the LAMMPS software
package26 which solves Newton’s equation of motion based on
parametrized interatomic forces, which were derived from the
MYP potential.10 The intra-MA interactions are modeled with
a bounded generalized Amber force field (GAFF). Pb−Pb, I−I,
Pb−I, and Pb/I−C/N interactions are considered nonbonded
and modeled with the Buckingham force field. Pb/I−H
interactions were modeled by Lennard-Jones potential. Partial
charges are assigned to each atom species and associated with
pairwise Coulomb potentials. The Coulomb interaction was
calculated in real space up to a 10 Å cutoff. The contribution
beyond this cutoff was computed in the k-space. For the latter
we utilized the Ewald summation with a particle−particle
particle−mesh (pppm) solver and an accuracy of 10−4.
The initial defect-free MAPI structure was considered to be

orthorhombic, with a simulation cell consisting of 3072 atoms
which correspond to 8 × 8 × 4 = 256 cubic unit cells. We
assumed the c-axis of the orthorhombic crystal in the z
direction which leaves the basal plane (ab) of the crystal
parallel to the xy plane, as shown in Figure 1.

The system was relaxed in three steps. First, an energy
minimization was performed using the conjugate gradient
algorithm with a tolerance of 10−6 Kcal/mol Å for the force
and 10−8 relative tolerance for the energy (ΔE/E). We allowed
the box dimension to vary during the minimization to produce
the desired pressure, between −5 × 103 and 105 bar. The latter
is more efficient than performing NPT since it does not rescale
temperature; instead, it includes PΔV and Parrinello and
Rahman27 strain energy during the energy minimization.
Further relaxation was performed using the isothermal−
isobaric (NPT) ensemble, by performing a temperature and
pressure rescaling at each 100-th and 500-th time step (with

every single step of 0.5 fs), using the Noose−Hoover
thermostat and barostat, respectively. We gradually increased
the temperature from 1 to 300 K within a time interval of 0.25
ns, and maintained it constant for an interval of 1.75 ns. Then,
the same NPT ensemble was used for the subsequent part of
the simulation. The typical computational time was about 22
CPU hours for each nanosecond on a high-performance
computer cluster of AMD EPYC processors at 2300 MHz.
In practice, MAPI suffers from a relatively high density of

various defects originating in the preparation process, most
often in the original chemical solution used. In the present
work, we consider two types of iodide defects: iodide vacancy
and iodide interstitial. They can be generated simply by
removing or adding an iodide to the lattice, respectively. They
are both considered positively and negatively charged,
respectively, and therefore, theoretically, these defect models
may slightly violate the charge neutrality of the entire system.
However, if the total number of atoms is sufficiently large,
there should be no practical consequence on the atomistic
simulations.12 Instead, a paired iodide-vacancy defect can also
be created by displacing an iodide from its original site to a
desired distance. This model allows for maintaining the charge
neutrality of the system, but it may not be viable for a long
time as the pair may recombine. Nevertheless, implicit charge
neutralization of the cell has been implemented in the k-space
solver, where a neutralizing background was taken into account
by excluding the energy corresponding to k = 0 from the lattice
sum.
In order to observe the diffusion of the iodide defects, we

compute the time-dependent mean square displacement
(MSD) of all iodide ions during the simulation, which is

t
N

tr rMSD( )
1

( ) (0)
i

N

i i
I 1

2
I

= | |
= (1)

where NI is the total number of all iodide ions in our
simulation cell, and ri(t) is the position of each iodide ion, i =
1, 2, ..., NI, at time t. In the absence of mobile atoms, the MSD
varies only due to the local thermal vibration, with a small
average over the entire simulation time. Instead, the presence
of mobile defects leads to a linear trend of MSD versus time,
with a positive slope. Using the random walk theory the
diffusion coefficient D of the mobile defect can be calculated
as28

D
t

t
1
6

lim
MSD( )

t
=

(2)

In practice D can be obtained as the slope coefficient of the
MSD versus time, divided by the factor 6, which is the double
of the spatial dimension.11,12 The relaxation time after the
initial positions, plus an additional extra time after that, is
excluded from the slope calculation.
We utilized the open visualization tool (OVITO) and its

Python interface for postprocessing and visualization.29

■ RESULTS
Iodide Vacancy. Figure 2 shows the time-dependent MSD

and the corresponding diffusion coefficients D for an iodide
vacancy at 300 K and different applied pressures. It can be seen
that the negative pressures, corresponding to a tensile strain
(and an expansion of the material), lead to an increased slope
of the MSD and of the corresponding diffusion coefficient,
while in the presence of a positive pressure (or a compression

Figure 1. (left) b- and (right) c-Axis views of the initial structure of
defect-free MAPI. Each Pb atom in red is surrounded by 6 I atoms
that together form octahedra indicated by yellow. Note how MA
molecules are oriented within empty spaces between octahedra in the
c-axes view.
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of the material), the diffusion coefficient decreases and
eventually tends to zero at about 10 kbar (not shown).
(More on the sign of the pressure is given in the Supporting
Information.)
The graph clearly indicates an exponential decrease of D

with increasing pressure p. A linear fit of the resulting values of
the diffusion coefficient of the iodide vacancy, on the log scale,
yielded an R-squared coefficient of 0.92. The corresponding
solid line shown in Figure 2(b) is the resulting fitting function,
2.67 × 10−6exp(−0.364 p). At atmospheric pressure our
diffusion coefficient is 2.42 × 10−6 cm2/s, close to the value
reported by Delugas et al., which is 4.3 × 10−6 cm2/s, obtained
at 300 K but using the canonical thermodynamic ensemble,
NVT, implemented in the DL_POLY molecular simulation
package.12 The decrease of the MSD and of the diffusion
coefficient with increasing pressure can be associated with the
increase of the density of the MAPI material, leading to a
blocking of the iodide atoms at their original sites or to an
increase of the energy they need for jumping into the nearby
vacancy. Delugas et al.12 also estimated the activation energy of
the iodide interstitial and vacancy at atmospheric pressure, to
0.24 and 0.1 eV, respectively, whereas the experimental results
for the iodide ion range between 0.3 and 0.6 eV.30 To our
knowledge, a systematic study of these activation energies as a
function of pressure has not been performed.
As we can see in Figure 2(a), the instantaneous time

derivative of the MSD, d(MSD)/dt, is not a smooth function
of time. For this reason, for a reasonably accurate estimation of
the diffusion coefficient D, a simulation time longer than the
average oscillation time of the MSD slope is needed, and
apparently, a total time of several ns should be sufficient.
However, the observable variation of the slope, over shorter
time intervals, also suggests that the MSD evolution may
depend on the initial conditions. To check that we repeated
the simulations by changing the seed of the (pseudo)random
number generator in LAMMPS, which implies different initial
states of the entire lattice at the beginning of the simulation,
and also after the relaxation phase, and consequently different
trajectories of the entire system in the phase space. In addition,
we also used different (random) initial placements for the
vacancy.
Figure 3(a,c) shows the MSD results for the iodide vacancy

with different seeds at 1 bar and 5 kbar, respectively. In both

cases, the initial positions of all atoms were the equilibrium
positions plus random displacements with − 0.1 < δ < 0.1 Å in
each direction x, y, z, depending on the seed. The initial
velocities of the atoms were also assigned randomly, from a
Gaussian distribution, again depending on the seed. Thus, all
simulations began with different initial conditions. Addition-
ally, in Figure 3(a,c) the iodide vacancy had the same initial
position, whereas in Figure 3(b,d) this position was also
randomized. Clearly, the effect of the seed creates significant
variations of the slope. This is evident at both pressures used.
We can also see that at the higher pressure of 5 kbar the slope
is systematically reduced, in agreement with the previous result
that the diffusion of iodide vacancies is suppressed at elevated
pressures.
In the nine simulations represented in Figure 3(a), at 1 bar,

the slope coefficients are, in increasing order: 96, 104, 151,
159, 163, 179, 189, 204, and 229 Å2/ns, with a mean value of
164 Å2/ns and a standard error (or statistical uncertainty) of
about 14 Å2/ns, meaning ±9% relative uncertainty for the
estimated diffusion coefficient. With the data obtained at 5
kbar the relative uncertainty of D is about ±15%. At the same
time, the uncertainty of the slope coefficient corresponding to
a single simulation is much smaller, in the range 0.1−0.3% or
less, because it is based on a sample with millions of time
points.
Therefore, it turns out that every single run of several ns

does not include sufficient information about the distribution
of all possible states of the system in the phase space. This is
true because the slope coefficients obtained with 4 ns
simulations differ from their mean values obtained with
different initial conditions. It is also seen in our figures that
the slope of the MSD vs time changes on intervals of the order
of 1 ns or less. Similar slope variations can also be observed in
the calculations of Delugas et al., in their Figure 3, representing
the MSD data for iodide vacancy and iodide interstitial at
different temperatures.12 Our interpretation is that a computa-
tional time of several ns is not sufficient to observe the ergodic
behavior of our system, i.e., the convergence of the time-
averaged and phase space-averaged values of the diffusion
coefficient. For that purpose, an unrealistically long computa-
tional time might be necessary, or instead, a reasonable
accuracy could be achieved with shorter simulations with
different initial conditions. Long-time memory of initial
conditions in a diffusion process has also been addressed by

Figure 2. (a) MSD of iodide vacancy at 300 K and different pressures.
The lines show a smeared MSD using 2000 time points, while the
original data is shown as a shaded area around the lines. (b) Variation
of D with pressure for more values of the pressure, the solid line being
the exponential fit mentioned in the main text.

Figure 3. (a) MSD in the presence of an iodide vacancy, at a pressure
of 1 bar, using different seeds of the random number generator and
(b) also using different initial positions of the vacancy. (c,d) The same
at pressure 5 kbar. The temperature was fixed at 300 K.
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other studies and formulated on a rigorous mathematical
background.31 However, such fundamental aspects of statistical
mechanics are beyond the scope of our present work and
rather are based on an empirical approach.
Iodide Interstitial. Now we consider an interstitial iodide

ion added to the MAPI lattice and repeat the previous
simulations. The results are shown in Figure 4, obtained with

the NPT ensemble, at different pressures. As before, the MSD
corresponds to all iodide ions, and the diffusion coefficient of
the interstitial ion is found from the slope of the MSD. Note
that the scale of the diffusion coefficient D is an order of
magnitude smaller than in the case of the vacancy (Figure
2(b)). Again, we are close to the value previously reported by
Delugas et al. of 7.4 × 10−7 cm2/s, obtained using the NVT
ensemble at 300 K.12 We also found that the diffusion
coefficient of the interstitial iodide is at least 1 order of
magnitude smaller than that of the vacancy at atmospheric
pressure.
However, in the iodide case, we could not find a systematic

variation of the diffusion coefficient with the applied pressure.
The values shown in Figure 4(b) are scattered and probably
not convergent after the 5 ns simulation time. The slope of the
MSD data now looks variable over larger time intervals than in
the case of the vacancy, and as expected, by repeating the
simulations with different seeds of the random number
generator, the overall slope of MSD with respect to time is
systematically smaller than in the case of the iodide vacancy
and possibly with a larger uncertainty.
The results obtained with different seeds, for pressures of 1

bar and 5 kbar, are shown in Figure 5. It is clearly seen that
when a defect is introduced in the same place (Figure 5(a,c))
the MSD data look similar and nearly flat. However, as can be
seen in Figure 5(b,d), introducing the defect elsewhere might
lead to different MSD data, but their slope is always much
smaller than in the case of the vacancy. Nonetheless, the
pressure seems to have a minor effect in these MSDs,
indicating that iodide diffusion is a less frequent event, at least
up to a pressure of 5 kbar, which was our largest value.
To clarify these results, ten times longer simulations were

performed for the case with the interstitial iodide, at four
different pressure values. The resulting MSDs are shown in
Figure 6. Note that the results corresponding to different
pressures are shifted vertically, for illustration purposes. At this

time scale, for all pressure values, we can only identify jumps of
the MSD, on the background of all iodide ions’ back-and-forth
movements or local vibrations. The jumps are of approximately
√MSD ≈ √100 = 10 Å, which correspond to the size of a unit
cell. So at this time scale no net motion of the iodide can be
identified, but only hopping events from one unit cell to
another, which appear to be more frequent at high negative
pressures such as −5 kbar than at positive pressures. However,
a proper diffusion of the iodide interstitial may possibly be
described on a longer time scale using the method of
accelerated molecular dynamics.32,33

■ CONCLUSIONS
We performed molecular dynamics simulations of the iodide
migration in the MAPI material, using the LAMMPS software,
over time intervals from a few to a few tens of ns, and we
obtained estimated values of the diffusion coefficients of the
iodide vacancies and interstitial atoms for different negative
and positive pressures applied to the MAPI material. Our
simulations show that the iodide vacancy has a diffusion
coefficient or, equivalently, a mobility that depends signifi-
cantly on the pressure. The mobility of the vacancy varies
exponentially with the pressure, increasing in the presence of
tensile stress (negative pressure compared to the atmospheric
value) and decreasing in the presence of compressive stress
(positive pressure). For the same conditions, the mobility of an
interstitial iodide is at least 1 order of magnitude lower, which
means that the net, macroscopic, iodide migration can be
associated with the diffusion of the iodide vacancies. Therefore
the migration of the iodide, which is a major factor in the

Figure 4. (a) MSD of the iodide interstitial at 300 K and different
pressures. Darker lines indicate a moving average of 2000 points,
while the original data are shown with lighter colors in the
background. (b) Variation of D with pressure.

Figure 5. Variation of the MSD for the iodide interstitial with the
seed of the random numbers. (a,b) Correspond to 1 bar and (c,d) to
5 kbar pressure. In (a) and (c) the initial position of the iodide was
the same, whereas in (b) and (d) it was randomized.

Figure 6.MSD of the iodide interstitial at different pressures obtained
over a 50 ns time scale. The curves are shifted manually for clarity.
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degradation of the MAPI material, could be suppressed, or at
least reduced, by applying to the material a compressive stress
of the order of a few kbar.
Recent studies also suggested that with even larger pressures,

of the order of hundreds of kbar, the band gap can also be
modified, although achieving such pressures could be
technically difficult and could possibly lead to phase transitions
of the MAPI material.34−36

In our simulations, we assumed a homogeneous MAPI
lattice and no external electric field. The presence of lattice
defects such as grain boundaries can change the physical
conditions. The local electric field may attract the ionic defects
toward the grain boundaries,13 inhibiting their diffusion
further. However, the iodide migration may still occur at the
contact between the MAPI material and another layer, for
example, the hole transporter made of Spiro-OMeTAD.6

Indeed, the degradation of MAPI occurs at a time scale much
larger than our present simulations. The temperature in the
working conditions, typically between 15 and 60 °C, is a
contributing factor, but not the most important. Having an
activation energy of tenths of eV, iodide vacancy generation
can be initiated or triggered by photons. One can reduce the
iodine accumulation and thus the degradation of the device by
immobilizing the vacancies. This is typically achieved by
passivation with inorganic or organic dopants.37 Thermal
treatment can increase the domain size of polycrystalline
perovskites. Engineering halide composition, incorporating
large organic cations, or introducing ionic additives are other
strategies to mitigate ion migration.38 In the present study, we
are suggesting that a compressing stress could at least reduce
the vacancy diffusion.
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