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Abstract

We study the diffusion of point-defects in crystalline MAPI at finite temperatures
by using all-atoms molecular dynamics. We find that, for what concerns intrinsic de-
fects, iodine diffusion is by far the dominant mechanism of ionic transport in MAPI
with diffusivities as high as 7.4-1077 and 4.3- 1075 cm?s~! at 300 K and single activa-
tion energies of 0.24 eV and 0.10 eV, for interstitials and vacancies, respectively. The
comparison with common covalent and oxide crystals reveals the ultra-high mobility of
defects in MAPI. Though at room temperature the vacancies are about one order of
magnitude more diffusive, the anisotropic interstitial dynamics increases more rapidly
with temperature and it can be dominant at high temperatures. Present results are
fully consistent with the involvement of iodide ions in hysteresis and have implications

for the improvement of the material quality by a better control of defects diffusion.
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Point-defects are of paramount importance in organic-inorganic lead halide perovskites,
recently emerged as record-high efficient class of hybrid materials for solar cells.! The ex-
ceptional optoelectronic and photovoltaic properties of such hybrid semiconductors (e.g.
methylammonium lead halide CHsNH3Pbl3, MAPI)?*™* are unexpected considering that high
concentration of point defects®® and structural disorder (e.g. grain boundaries) are abundant
in ionic” and solution-processed materials.®

This seeming paradox, that shows the importance of understanding defects in MAPI, has
been explained in terms of the resilience of electronic properties of MAPI to defects:*? the
bonding (anti-bonding) nature of the Pb-I conduction (valence) bands prevents the formation
of deep electronic levels in the gap. With the notable exception of electronic defects due to
molecular fragments!®, most intrinsic defects create only shallow levels.!®'? Also a self-
regulation mechanism in which electronic defects are compensated by ionic disorder has
been proposed to explain MAPI electronic resilience.®

Though defects are not detrimental for MAPI electronic properties, they have never-
theless dramatic effects. The most striking evidence is hysteretic current-voltage behavior
observed in the timescale of 1-10* seconds.® 1'% As suggested by much direct and indirect
experimental evidence, ion migration is at the origin or an important contributing factor for
such unusual phenomenon.!? Migration of ionic defects (either in the bulk or interfaces
or grain boundaries)!®2?! has been invoked also to explain switchable photovoltaic effects,??
light-induced changes in structural, dielectric and transport properties,?® these latter indicat-
ing a large fraction of conduction due to ions.!'® In particular, giant switchable photovoltaic

effect 2 proved the importance of ion migration for the photocurrent hysteresis by excluding



other possible factors such as ferroelectricity.?* Though the ferroelectric nature of MAPI is
still disputed with reports claiming either presence?® or absence?S of ferroelectricity, from
a theoretical perspective, the possible ferroelectric behavior of hybrid perovskites can be
hardly considered a physically sound explanation.® Ab initio calculations give moderate po-
larization only at low temperature and predict the suppression of ferroelectric distortion at
room temperature.?” This is furthermore supported by the ascertained ability of molecular

2829 with molecular relaxation times several orders of

dipoles to rotate in few picoseconds
magnitude shorter than hysteretic transients. 42 Understanding the nature and migration
of point-defects is, accordingly, a fundamental problem of great technological interest for
hybrid perovskites. 3

At equilibrium, the electrical ionic mobility p is related to the ionic diffusivity (D) by
the Nernst-Einstein equation u = ¢D/kgT, with ionic charge ¢, Boltzmann constant kp and
absolute temperature T'. However, this relation is not valid under non-equilibrium condi-
tions (e.g. in presence of degradation phenomena) and the estimated diffusion coefficients
depend on the adopted model. High values of 107® — 10~7 cm?s~! have been obtained from
voltage transient measurements by Yang et al.'® though other reports, based on the analy-
sis of switchable photovoltaic in lateral structure devices, suggest two-orders of magnitude
smaller values.3! The ionic diffusion could also explain the observed increase of bulk con-
ductivity with temperature characterized by a measured activation energy of 0.43 eV, as
well as the temperature dependence of the hysteretic current—voltage. The reported values
(0.23,%10.31,2%0.33,140.43,120.5,320.6 eV 3?) depend on the fabrication methods and the dif-
ferent crystalline quality.?! Accordingly, experiments are convincing in terms of thermally
activated ionic migration under external field but the direct evidence of long range ionic
diffusion is debated and still represents an important open question.

The chemical nature of the diffusive species is equally disputed since a direct experi-
mental evidence is missing. Most experimental studies conclude that diffusion is due to

iodine defects.!32! Other studies supported by atomistic simulations focus on vacancies, ei-



ther MAS34 or 1614 that can form as Schottky pairs through understoichiometric MAPI
degradation @ = Vyra + V7 + MAI. Other possibilities include iodine interstitials'*® or
extrinsic defects (oxygen substituting for iodine).!?

Atomistic simulations have been extensively used to study the electronic properties of
point-defects,,>193538 however only a limited number of recent works have investigated by
static methods the diffusion of elemental I,Pb,MA defects'41533:34 or hydrogens.3® For iodine
vacancies, the reported activation energies are quite different: 0.6 eV,330.45 eV ,3* 0.2 eV
and 0.08 V. Unfortunately, the straightforward simulation of the ions diffusion at finite
temperature is computationally out-of-reach of ab initio methods.

In this Letter, we show that it is possible to study the diffusion of the elementary point-
defects in crystalline MAPI (c-MAPI) at finite temperatures by using all-atoms molecular
dynamics employing the MYP classical interatomic potential recently developed by the Au-

thors.?® We find that, for what concerns intrinsic defects, iodine diffusion (vacancies and

Figure 1: Sticks&balls representation of iodine interstitial in MAPI

interstitials) is by far the dominant mechanism of ionic transport in MAPI (from room up

to sublimation temperature) with ultra-high diffusivities at 300 K of 7.4- 1077 and 4.3-1076



em?s~! and single migration energies of 0.24 eV and 0.1 €V, for interstitials and vacancies,

respectively. These values reveal the ultra-high mobility of point-defects in MAPI compared
to other covalent and oxide crystals. Though vacancies are about one order of magnitude
more diffusive than interstitials, it is found that interstitial dynamics, characterized by a
peculiar quasi-planar anisotropic diffusion, increases more rapidly with temperature and it
can be dominant at temperatures greater than 350 K. Present results are fully consistent
with the involvement of iodide ions in hysteresis and current-voltage transients and they also
represent an important step forward in the modeling of the ionic response of the material at
finite temperature. In particular they can have implications for the material improvement
by the control of defects diffusion.

Interstitial and vacancy defects are obtained from a perfect orthorhombic crystal struc-
ture (see Figure 1) by adding (removing) one X ionic constituent among the possible choices
X=MA,Pb,I. Simulated crystals contain 3072 atoms (256 f.u.). Larger systems were also con-
sidered to exclude size effects. Each defected crystal is first optimized and then equilibrated
at different temperatures for annealing times long up to 10 ns. The variable-cell conditions
(both volume and angles of the simulation box) make it possible to reproduce correctly the
density of the MAPI? and to adapt the volume to the presence of the defect. Furthermore,

29,40

the MYP model reproduces molecular rotations consistently with experiments and other

1428 an important agreement that represents a strong validation of the

ab initio calculations,
adopted force-field.
Snapshots of the defects at room temperature are reported in Figure 1. Molecular dynam-
ics clearly shows that the iodine defects (both vacancies and interstitials) are very mobile,
and several migration events are detectable in the nanosecond scale at room temperature;
on the contrary no migration events are observed in the same conditions for both Pb and
MA defects. This is a first important result. In agreement with previous reports'* (based

on ab initio static energy barrier calculations) the timescale of the MA and Pb ions diffusion

is several orders of magnitude larger than the one for iodine ions. This is also consistent



with the experiments on solid-state electrochemical cells'® suggesting iodine as the mobile
species.

Snaphots of the iodine interstitial diffusion during the 300 K dynamics are reported in
Figure 2. The defect geometry is consistent with DFT calculations for negative iodines®?
and it consists of a dumbbell formed by two I atoms sharing the same ideal lattice position
(see blue circles in Figure 2). The migration occurs when one of the two I-Pb bonds of

the defect rotates around Pb in the plane of the dumbbell kicking off a neighboring iodide

ion and giving rise to a new dumbbell at a neighboring crystal site. The ability of one

94.3 ps

Figure 2: Snapshots of the I; diffusion during annealing (time increases from left to right);
the local crystal structure is represented together with the octahedra (Pb,I,C,N are green,
pink, blue and cyan spheres; Pbl octahedra are gold; H atoms of MA molecules are not
represented for clarity) blue circles indicate the position of the defect and blue arrows are
the displacements with respect to the previous defects positions.

point-defect to move is measured by its diffusivity D. Within transition state theory*! the
T dependence of diffusivity, D = Dy - e_’%"T, can be calculated from the migration energy
E,, and the prefactor Dy. These can be estimated by the configurational energy along the
defect migration path at T=0 K. These calculations are affordable by ab initio methods
but it is not easy to include correlations, anisotropies, entropic contributions of the real
dynamics, particularly for a relatively soft material such as MAPI. Alternatively, the finite
temperature MD simulations can give direct insight within the diffusion mechanism of point-
defects, provided that the diffusion time and length can be reached during the simulation at

that temperature.



Within the assumption that the motion can be described as a random walk, the mean
square displacements (MSD) of defects at long times ¢ increases linearly () ~ Dt and the
diffusivity corresponds to the slope D = @42. The formula can be expressed in terms
of atomic positions D = lim;_, ﬁ% > ix (ri(t) — r;(0))* by averaging over all the con-
stituents ¢ of the chemical type X (with X= I,Pb,MA); n4 is the number of diffusing species
(ng = 1, for point-defects) and ©® = 3 is the dimensionality of the crystal containing the
defect. For the same MSD, if the motion occurs in a subspace of dimension 0 < 3 the ef-
fective diffusivity in the subspace is increased by a factor % > 1 with respect to the three
dimensional case.
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Figure 3: Mean square displacements (top right, V; and bottom right, I;) and Arrhenius
plot (left) of vacancy (red) and interstitial (blue) obtained by MD. The shadowed region
in the Arrhenius plot represents the effective interstitial mobility including the dimensional
reduction of I; diffusion, 1 < 0 < 3.

The iodine MSD’s at 300 K-450 K are reported in Figure 3 (right panels) for the single

vacancy (top) and interstitial (bottom) defect in ¢-MAPI. High temperatures are relevant



for applications since they can be reached during processing or at working conditions of
photovoltaic devices. We also point out that the investigated T range falls within the in-
terval of MAPI thermal stability as obtained from thermogravimetry indicating the onset of
sublimation at T= 511 K, though degradation in real samples can occur at lower tempera-
tures* likely due to imperfections and chemical contaminations. The atomistic results reveal
that both diffusivity coefficients D;,,Dy, have Arrhenius-like behavior Dx = Dgfe_’iTXT, each
(X=I; or V) with a single migration energy Ey in the whole range of temperature investi-

gated.

Table 1: Iodine defects diffusivity, prefactor and migration energy in crystalline
MAPI compared to corresponding defects in silicon and some prototypical ox-
ides.

| | Dx (T=300 K) (cm?s7!) | D% (cm?s71) | Ex (eV) |
MAPI (this work)
Vi 4.3-10°° 2.05-1074 0.10
I; 7-1077 83.-107° 0.24
Silicon *:%6
Vi 5-1071 —2.16-107° 1.5-1073 - 1.18-107* | 0.1 —0.45
Ig, < 4-1071 0.14 —1.58 - 107! 0.78 — 1.37
Oxides
SrTiO3(Vp)*" <1018 0.93
LayNiOy (Ip)*® 1078 — 1077 0.51 — 0.54
La,().gSI’O,QI\/IHO?,(O)49 ~ 10_17 1.2 10_4 0.7—0.73
Cry03(IpVp)™ 10~ 4.04-1077 0.78 — 1.01

At room temperature the vacancy diffusivity is as high as Dy, = 4.3 - 107%cm?s™. At
the same temperature the interstitial is six times less diffusive but still characterized by a
very high value Dj, = 7-10"7¢cm?s—1. The higher migration energy of interstitials stands
for a larger energy cost associated to its migration that is consistent with previous ab initio

14,15,3334 and physical intuition. The larger prefactor is consistent with a larger

literature
entropy and a more stiff configurational energy associated to the extra iodine atom in the
interstitial case. In order to check that the results are not affected by volumetric effects,

we performed additional calculations at constant volume, finding no sizable difference in the



calculated diffusivity. To further validate the molecular dynamics predictions and the model
potential accuracy against ab initio results, we have performed static energy calculations
for the vacancy case. We found a static energy profile that is consistent with ab initio
data of Meloni et al.'* with a maximum of about 0.3 eV. Expectedly, we observe that the
static barrier is higher than the dynamic one. The difference can be attributed to thermal
fluctuations (included during the dynamics but not in either ab initio or classical) that
reduce the actual cost of diffusion. In order to appreciate the ultra-high mobility of the iodine
defects it is useful to compare the defect diffusivity of MAPI with that of oxides and covalent
materials obtained with MD. Migration energies in oxides are typically larger than 0.5 eV (see
table) and the oxygen diffusivities are vanishingly small at room temperature. Concerning
silicon, only the vacancy has high diffusivity, that according to tight binding calculations®®
is close, though still smaller, than MAPI; conversely, interstitials are practically immobile
at room temperature and have a much higher (> 1 eV) activation energy. The ultra-high
diffusivity of interstitial defect in MAPI can be attributed to the smaller ionic charges of
iodides (-1) against oxides (-2) and also to the larger lattice spacing, both features resulting
in lower cohesive-energy density and thermodynamic stability but also in a lower cost for
defect formation and migration.

The ionic mobility at equilibrium can be calculated from the diffusivity through the
formula px = q,g—XT, obtaining 1.72 - 10~*em?V~1s7! and 2.8 - 107° em?V~!s7! for V; and
I; , respectively. Accordingly, MAPI can be classified as mixed ion-electron conductor in
agreement with conductivity measurements.'® Due to the higher activation energy and pref-

actor of interstitials, the two lines Dy, (T'),Dy, (T) have different slopes and intersect at high

. o Er,—FEyv 1
temperatures (the crossing temperature can be calculated to be T' = —£ i L Tog D, 7T, that
gives 450 K for the present case) beyond which the interstitials become more mobile than
vacancies. Taken into account the actual temperature of sublimation, this occurs only for

a small T window. However, the interstitials can play a role also at lower T taking into

account that the diffusivity is still high and that the mechanism of iodine interstitials is

10



qualitatively different from V point-defects. This can be understood from the analysis of

defect trajectory.

a)

V4

Figure 4: Analysis of the migration iodine defects: panel a) sticks&balls representation of
the local MAPI crystal structure with octahedra (Pb,I,C,N are green, pink, blue and cyan
spheres; Pbl octahedra are transparent green) showing the apical-equatorial edges (orange
and black arrows) and equatorial-equatorial edges (green arrows); panel b) portions of the
V; (red) and I; (blue) trajectories with the local tangent vectors (empty arrows) and vectors
normal to the local (osculating) plane (filled arrows); panel c¢) directional distribution of
diffusion events (tangent vectors) represented over the spherical surface for V; (red points)
and I;(blued points) at 450 K (top) and 300 K (bottom); panel d) V; (red) and I (blue) tra-
jectories showing the local planes of the interstitial diffusion compared to the fully isotropic
diffusion of vacancies.

At each step of the MD simulations the defect position within the crystal is identified by
the change in coordination-number of Pb atoms, similarly to Ref. 51; in fact, in the perfect
c-MAPI the Pb atoms are at the center of Pbl tetrahedra with six-fold coordination while
in presence of a neighboring vacancy (interstitial) they become under (over-) coordinated.

It is possible to reconstruct the trajectory of iodine defects by identifying the positions of

11



the Pb atoms with modified coordination. In Figure 4b, small portions of the trajectory
of interstitial (blue) and vacancy (red) are reported. The vectors tangent to the trajectory
(filled arrows) represent the defect displacement at each position, i.e. the direction of the
local migration. The tangents 7; (determining the direction of the jump at time ¢) can be
normalized 7; and represented as unit vectors pointing to the surface of a unit sphere (see
panel 4c). Each point represents a diffusion event along the corresponding crystallographic
direction. The whole set of points taken during the whole dynamics gives rise to a directional
distribution of diffusion events. In panel 4c we report the cases of interstitials (blue) and
vacancies (red) at T=300K (bottom) and 450K (top). Let us focus first on the vacancy at
300 K.

The distribution reveals that the diffusion events occur along all the high symmetry
crystallographic directions of MAPI (points over the sphere where symbols accumulate)
corresponding to displacements along the possible edges of Pbl octahedra (see Figure 4a).
Orange and black arrows in panels 4a and 4c refer to apical-equatorial migrations; green
arrows to equatorial-equatorial jumps. At 450 K the diffusivity and the number of migration
events increase with respect to 300 K; however the distribution is qualitatively invariant. By
time averaging 7; we can verify that opposite directions are explored with equal probability

2

((7) ~ 0). Furthermore the inertia moments (77) along Cartesian directions indicates that

the distribution is quite isotropic, i.e. (72)/(75) ~ 1 (o, 8 = x,yz) within statistical errors
(30% at T=300 K and 5% at 450 K).

We conclude that in the whole range of temperatures, the vacancies give rise to a three
dimensional uncorrelated brownian motion.

The picture is qualitatively different for interstitials. Let us focus first on 450 K. Since
the interstitials induce larger local distortions than vacancies, a larger standard deviation is
found around the high symmetry directions in the spherical surface. However, at 300 K it

can be appreciated a more qualitative difference between I; and V; in the same simulation

time. The I; directional distribution clearly shows accumulation in the (001) crystallographic

12



plane, i.e. the defect tends to remain in the plane containing the dumbbell. This means that
the planar defect structure of I;, at variance with V;, is able to locally break the symmetry
of the crystal introducing a preferential plane for migration. This has been quantitatively
analyzed by calculating the local plane of the trajectory (corresponding to the osculating
circle of a continuous curve), defined as the cross vector of two consecutive tangents n; =
Tt X Tyrat- Empty arrows are used in Figure 4b to represent the local planes along the defects
trajectories. Though the defect plane is able to change direction during the simulation,
nevertheless a clear tendency to stay constant is observed . This can be quantified by the
planar correlation time (7 - 1) that is found to be in the time scale of tens of nanoseconds
at 300 K. The correlation time decreases by almost one order of magnitude from 300 K to
450 K. Conversely, the planar correlation time of V; is smaller than 0.1 ns at all studied
temperatures, so practically discardable. We can speculate that, at least at short time scales,
the effective interstitial diffusivity and its role in ionic transients is enhanced.

The calculated diffusivity provides a measure of the distance that anions can explore in
the time scale of hysteretic transients. By using the relation A\x = v/Dx7 and using 7 = 1s
we calculate Ay, =~ 20 pm and A\;, = 2.5um at 300 K. At 400 K both increase and approach
similar values (32 pm and 30 pm, respectively). The predicted diffusion time for 0.6 mm
film thickness'® is calculated to to be of the order of 10 s and 10* s, for vacancies and
interstitials, respectively in qualitative agreement with experiments also considering that we
are discarding defects interactions.

In conclusion, we find that, for what concerns intrinsic defects, iodine diffusion (vacancies
and interstitials) is by far the dominant mechanism of ionic transport in MAPT from room to
sublimation temperature (300-450 K) with ultra-high diffusivities (7.10~7 and 4.107% cm?s~!
at 300 K for interstitials and vacancies, respectively) and single activation energies of 0.1
eV and 0.24 eV, respectively. At room temperature, the vacancies are about one order of
magnitude more diffusive than interstitials; nevertheless the interstitial dynamics is unusually

fast and it further reveals quasi planar trajectories consistent with correlation times in the

13



nanosecond scale corresponding to a higher effective diffusivity in the ultrashort time scale.
The calculated interstitial anisotropies also suggest the possibility to modify the diffusivity
of V,I; by external strain or by material texturization possibly opening novel strategies for
defects management.

Overall, present results are fully consistent with the involvement of iodine defects in
hysteresis and transients in current-voltage characteristics. The calculation of the intrinsic
diffusivity of iodine defects is an important step forward to develop a comprehensive modeling

of the material at working conditions or under electric fields.
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