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Abstract

In this study, we unravel the atomistic mechanisms that govern the crystalliza-

tion process of methylammonium lead iodide through the application of microsecond

timescale molecular dynamics simulations.

The findings indicate that methylammonium iodide (MAI) and lead iodide (PbI2)

precursors exhibit a propensity to aggregate into a disordered film, which ultimately

undergoes a thermally activated disorder-to-order transformation to achieve crys-

tallization. Notably, the crystal evolution during the annealing process reveals mor-

phological characteristics consistent with the Straski-Krastanov growth mode.

The temperature dependence of the crystal growth rate demonstrates an activa-

tion energy of 0.37 eV, which may be ascribed to the energy required to dissociate
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defective Pb-I bonds and facilitate Pb di!usion. Finally, the mechanisms underly-

ing the spontaneous generation of lead vacancies are examined, suggesting a kinetic

origin for such optically active defects. In principle, the latter suggests the potential

for reducing their concentration through the optimization of growth parameters.
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Introduction

Methylammonium lead iodide (MAPI) was first synthesized and characterized in 1978

by Weber1 and is the most important example of an organic/inorganic hybrid crystal

with ABX3 perovskite structure.2–4 The positively charged molecular cations (MA) have

a large enough volume to fill the sites among the PbI6 octahedra network, giving rise to

a tetragonal crystal. All-inorganic perovskites, such as CsPbI3, have superior thermal

stability5 but su!er from poor phase stability at room temperature6 and easily tend

to transform into non-perovskite ω-phases.7 After some initial applications of MAPI as

an optoelectronic material8 and as sensitizer in titanium-based Gratzel cells,9 MAPI

has become the protagonist of hybrid photovoltaic technology and the reference active

layer semiconductor of perovskite solar cells. Beside MAPI, formamidinium lead iodide

(FAPbI3) exhibits application prospects due to high thermal stability and optoelectronic

properties,10 while phase instability and scalability need to be addressed for broader

application.11

The integration of multiple cations in the perovskite structure (e.g. alloying FA,

MA with other elements like cesium) allows for fine-tuning of the material properties,

improving surface morphology and carrier lifetimes12 leading to improvements in solar

cell performance. The power conversion e"ciency of hybrid perovskites have surpassed

recently 26% in single junctions13,14 and 31% in tandem architectures.15 Given the large

combination of molecules, metals, and halogen atoms, along with the presence of several
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low-dimensional phases, the class of hybrid perovskites shows great design flexibility and

a huge potential ranging from energy and optoelectronic devices,16 to thermoelectricity,

spintronics and many others.17–21

The present study focuses on MAPI as the prototypical example of the class of hybrid

perovskite crystals. The outstanding performances of MAPI are undoubtedly due to

the exceptional semiconducting properties of this crystal,22–24 including its high optical

absorption coe"cient in the visible range, high electron mobility25–28 , and remarkable

resilience to defects.29 Despite high photoconversion e"ciencies, perovskite solar cells

su!er from low thermal,30 and chemical stability31–33 that limit their lifetime under typical

operating conditions. These problems become even more critical when attempting to

replace toxic cations (Pb) with non-toxic alternatives such as Sn, due to its tendency to

oxidize.34–36

The impressive advancement of this photovoltaic technology has been made possible

by the development of chemical methods of crystal growth in solution37,38 (e.g. spin-

coating39) that have undoubtedly contributed to the success and di!usion of this tech-

nology in terms of its cost-e!ectiveness and simplicity. However, solution-based synthesis

makes use of hazardous solvents40,41 and faces limitations in achieving atomic-scale con-

trol while simultaneously fulfilling the requirements for extensive-area synthesis.42

The significance of the synthesis and the mechanisms of crystal growth to improve the

perovksite properties have been underscored by several works that have studied, for exam-

ple, the formation of perovskite from precursors43 or the nucleation in ε-butyrolactone

solution.44 Other studies have explored the role of solvent annealing and humidity in

enhancing crystal growth,45 the advantages of thermal evaporation46 or vapor-assisted

deposition methods in achieving high-quality and more stable films.47 In recent years, a

growing of studies have been based on vacuum synthesis techniques (e.g. chemical vapour

deposition,48 sputtering,49 thermal evaporation,46,47,50 molecular beam epitaxy51) with-

out the use of solvents and additives. The dominant thermal evaporation technique52

is the multisource evaporation,53 in which each precursor is coevaporated along with all

other precursors (e.g. PbI2 and MAI salts) to form the perovskite layer. Thermal evapo-
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ration has advantages over solution-processing, including film uniformity54 and conformal

growth,55 low material consumption, a lack of toxic solvents, reproducibility and scala-

bility.54

However, it is a formidable challenge to achieve an in-depth understanding and con-

trol of growth mechanisms and morphology during evaporation, as this would require a

comprehensive in situ monitoring and ex situ characterization. As a result, many funda-

mental properties of MAPI crystal growth remain unknown, including ionic di!usivities,

disorder, activation energies, mechanisms of defects formation, and, more importantly,

the attribution of the intrinsic growth mechanisms of MAPI to any of the well-known

modes, such as layer growth (Frank–van der Merwe), island growth (Volmer-Weber), or

layer-island growth (Stranski–Krastanov).56,57 The Frank–van der Merwe is a layer-by-

layer growth mode in which, preferentially, a crystal layer tends to be completed before

a new layer is started above it. The Volmer–Weber, or three-dimensional growth mode,

is the opposite situation in which many crystal layers grow at the same time causing

the surface to form hillocks and cavities. Between the Frank–van der Merwe and the

Volmer–Weber growth modes, the intermediate case is the Stranski–Krastanov growth

mode, where the deposit first grows layer by layer on the substrate and then, beyond a few

layers, the growth becomes three dimensional.57 These cases have a microscopic origin

and are dependent on the interatomic forces of the actual deposit/surface material.56

From a theoretical perspective, the ability to fully simulate the entire MAPI crystal-

lization process remains an unresolved challenge. First principles atomistic simulations

have made a substantial contribution to the study of growth-related properties, including

the formation reaction,58 cohesion,59 defect thermodynamics60 and degradation path-

ways.61 Nevertheless, all these approaches, due to their high computational cost, cannot

simulate crystallization phenomena at finite temperature.

On the other hand, classical molecular dynamics models (e.g., MYP model62) are ca-

pable of dealing with many thermodynamical properties of 2D,63,64 3D,65,66 and complex-

phase systems.67–69 So far, the widely used MYP062 and MYP133 force fields have not

yet been able to simulate the reaction of precursors (the salt halides, PbI2 and MAI) into
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the MAPI crystal, even in dry conditions. To date, the only studies of crystallization

focused on inorganic perovskites70 or on di!erent hybrid perovskites, i.e., FAPbI3.71 In

the latter case, a polarizable model was used, but its high computational cost prevented

a comprehensive analysis, including the growth velocity versus temperature.

We have very recently proved that it is possible to enhance the aforementioned MYP0

ionic models by developing an e"cient many-body force field (i.e. the MYP2) that

can rectify the representation of clusters and facilitate the direct simulation of crystal

formation.72 The MYP2 model contains many-body (e.g. angular) terms that are chosen

to reproduce the structures of PbnIm and hybrid clusters MA4PbI6 and the mechanism

and energy barrier of the formation of the crystalline bulk from precursors.72 Alternative

models containing angular terms, such as the ReaxFF,73,74 could be in principle able to

simulate crystallization but we are not aware of available force-fields for MAPbI3. On

the other hand, machine learning force-fields (MLFF) o!ers a flexible and potentially

more accurate alternative75,76 but the training for complex microstructures and growth

still remain challenging. Furthermore, standard MLFF models do not incorporate atomic

charges and electrostatics that are crucial for ionic di!usion and growth. The merit of

MYP2 is attributable to its simplicity and to the physical interpretation of its terms,

which facilitates the selection of parameters.

Here, by applying this MYP2 force-field to large atomistic models in the microsecond

time scale, we have made significant strides in visualizing, characterizing, and under-

standing at the atomistic scale the process of spontaneous MAPI crystal formation from

premixed precursors. In detail, we have identified the mechanisms and the activation

energy of the crystal growth, as well as the di!usivity of ionic species throughout this

growth phase. Furthermore, we have characterized the morphology of the crystalline

front as a Stranski-Krastanov type growth, and the types of defects that spontaneously

form during growth.
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Results

Deposition and Disorder of Precursors on the (001) Crystalline

MAPI surface

Figure 1: Mechanisms of adhesion of deposited precursors on the Pb-terminated (001)
crystalline surface; (panel a) one MAPbI3 unit with favorable orientation; (panel b) four
units with same orientation; (panel c) non-crstalline configuration from rotated MAPbI3
unit; (panel d) disordered configuration from four co-deposited PbI2 and four MAI units;
(panel e) non-crystalline configuration from co-deposited PbI2 and MAI ; (panel f) com-
parison of the atomistic structure of disordered configuration optimized by MYP2 (left)
and by DFT (right).

To understand the mechanisms underlying crystal growth, we perform molecular dy-

namics (MD) simulations using the recently developed MYP2 model.72 The surface

properties (e.g. the interfacial dipoles77 or the stability78 ) strongly depend on its orien-

tations and terminations, likely a!ecting the growth kinetics and morphology. However,

in this work we focus only on the relevant (001) crystalline surface of MAPbI3. MD sim-

ulation of crystal growth along alternative crystallographic orientations will be subject
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of future investigations. We begin by examining the behavior of a single MAPbI3 unit

deposited onto a (001) crystalline surface at T = 0 K. Technical details and input files to

perform all MD simulations discussed below are reported in the SI. When the MAPbI3

unit is arranged in its most favorable orientation (Fig.1, panel a, left), MD simulations

reveal that it bonds seamlessly to the surface, forming a crystalline edge (Fig.1, panel a,

right). In this ideal configuration, the Pb atom and one of the deposited I atoms establish

a vertical Pb–I–Pb edge characteristic of the perovskite cubic unit, with the MA molecule

residing at the center of the forming cube. This suggests that under optimal conditions,

the deposition of single units can directly contribute to crystalline growth. Extending

this mechanism, we consider the arrangement of multiple units. When several MAPbI3

units (e.g., four units) are deposited in alignment (Fig.1, panel b, left), they collectively

form a portion of a crystalline monolayer upon bonding to the surface (Fig.1, panel b,

right). This indicates that ordered crystal growth is achievable when multiple units are

added in favorable orientations.

However, in practical scenarios, deposited precursor units often have random orienta-

tions and distortions. For example, if a single MAPbI3 unit is rotated upside down before

deposition (Fig.1, panel c, left), the resulting configuration after bonding to the surface

is non-crystalline (Fig.1, panel c, right). The Pb–I–Pb segment formed is not vertical,

and the Pb atom does not align with the underlying Pb atoms of the surface. Cor-

recting this misalignment to form a crystalline structure would require breaking existing

Pb–I bonds and overcoming associated energy barriers (see results below). The disorder

becomes more pronounced when we consider the deposition of multiple units with vary-

ing orientations. When two distinct precursor units—PbI2 and MAI—are deposited in

close proximity with random orientations (Fig. 1, panel e, left), their interactions lead to

non-crystalline configurations. The deposited Pb may bind directly to a surface iodine,

resulting in a structure where the Pb, MA molecule, and iodides are at the same alti-

tude, lacking the layered arrangement of the crystal lattice. As the number of deposited

units increases further (Fig.1, panel d, left), the variety of possible disordered configura-

tions grows exponentially. The entropy associated with these configurations favors the
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formation of a disordered film.

Figure 2: (a) Deposition of PbI2 and MAI precursors on the (001) Pb-terminated MAPbI3
crystalline surface; (b) Disordered film formed by the deposited precursors; (c) Crystal-
lized MAPbI3 film after annealing.

This is evident at finite temperatures MD simulations, where the initial deposition

of multiple precursor units (Fig.2, panel a) results in a non-crystalline, low-density film

that rapidly loses any initial order (Fig.2, panel b). Although atomistic simulations

cannot precisely replicate real growth experiments we consider our initial conditions to

represent a stoichiometric co-deposition of PbI2 and MAI under conditions of high flux

and low energy. The stoichiometric conditions of growth (e.g. the proportion of Pb atoms

and Pb ions) constitutes a critical factor influencing the performance79,80 and stability

of perovskites (e.g. a!ected by Pb precipitation).80,81 However, in this work we only

consider stoichiometric conditions and leave other cases to future investigations.

From an experimental perspective, the disordered morphology of the deposit material

obtained from MD can be described as amorphous PbI2, intercalated with MAI salt. Over

time, this disordered layer compacts on the surface eventually initiating crystallization.

The transformation of this disordered layer into a well-ordered MAPbI3 crystal does

not occur instantaneosly; rather it necessitates prolonged simulation durations and ther-

mal fluctation to promote crystallization, a phenomenon that is achievable with the cur-

rent MYP2 model (refer to Fig.2, panel c), and whose intricacies will be elaborated upon
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in the subsequent discussion.

To validate our findings on disordered deposit material, we performed density func-

tional theory (DFT) calculations (see Methods section for computational details). The

existence of local minima corresponding to disordered structures predicted by MD simula-

tions is confirmed by DFT results. An example is shown in Fig. 1, panel f, demonstrating

qualitative structural agreement between the MYP2 and DFT optimization.

Kinetics of crystallization

Figure 3: Snapshots derived from NPT trajectory elucidating the crystallization of the
deposited precursors along the (001) MAPI crystallographic orientation.

The ability to simulate the crystallisation process from the disordered deposited film

represents the central result of this study. This is made possible by the MYP2 interatomic

model, which improves accuracy over existing techniques enabling MD simulations in the

microsecond time scales (see Fig.3, panels a-e). These demonstrate that the crystallisation

process is thermally activated, commencing from the substrate surface with a progressive

advancement upwards (see Fig.3, red arrow), thereby realizing a mechanism of solid-phase

epitaxial growth.82–84

For each temperature under consideration, it is possible to estimate the crystallization

velocity through the calculation of the structure factor Sωk
(t) (see S.I). The obtained

velocities as a function of temperature are reported in Fig. S5 as symbols; the green line
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represents the fitting kinetic model of Eq. 1.

v(T ) = v0e
→Ea

kT

(
1↑ e

→!H(T )
kT

)
(1)

The first factor of Eq. 1 contains the Arrhenius dependence e
→Ea/kT , with the activation

energy Ea controlling the monotonic ascent of the curve. (Eq. 1 is further discussed in the

SI.) The second multiplicative factor takes into account the energy di!erence, !H(T ) ↓ 0,

between the disordered and the crystalline phase; when !H = 0 the crystallization is

inhibited, i.e. v = 0. We model !H(T ) as |!H0|(1 ↑ T

T0
)m and we fit all parameters to

reproduce atomistic data. We find an activation energy of Ea = 0.37 eV, that controls

the slope of the model in logarithmic scale (see Fig. 4, and Fig S3 for further details ).

Figure 4: Crystallization velocities (red symbols) calculated by MD simulations as a
function of temperature. The activation energy extracted from the fitting model (green
line) corresponds to Ea = 0.37 eV.
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This value represents the energy barrier of the microscopic processes controlling crys-

tallisation. To our knowledge there are no experimental estimates of the activation energy

in vacuum. For growth in solution (that involves radically di!erent chemi-physical mech-

anisms with intermediate phases) data span a wide 0.15-1.0 eV interval,85 depending on

the solvents and the intermediate phases. Furthermore, considering that crystallization

involves ions di!usion, we can compare with the activation energies for ionic migration in

MAPI, for which experimental data are scattered within the range 0.1-1.0 eV86 or above

0.26 eV when considering the cations.87

Microscopic origin of the activation energy

In order to achieve insight into the calculated activation energy, we select relevant atom-

istic sequences during annealing (Fig. 5, panels a-e). The process of crystallisation neces-

sitates the rupture of Pb-I bonds, thereby facilitating the displacement of the lead and

the opening of the structure with the formation of the cubic cage (Fig. 5, panel e). This

Figure 5: (panels a-e) microscopic mechanism of crystallization extracted from the NPT-
MD trajectory at the order-disorder boundary; (panel f-j) similar mechanism simulated
on the clean surface at 10 K.

process occurs at the crystal-disorder interface and involves a cooperative dynamics of
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surrounding atoms. The calculation of the associated energy barrier is di"cult due to

large fluctuations induced by temperature and by the large number of atoms. In order

to facilitate the analysis, we consider the process described in Fig. 5, panels f-h. The

initial configuration on the surface (panel f) mimics the same defective I-Pb-I dumbbell

found at the interface (panel a) but on the perfect surface. During a low temperature (10

K) dynamic, a moment of increasing force is applied to the deposited precursor (panel

f) until one Pb-I bond breaks and a cubic edge is formed (panel j). This allows us to

estimate the energy barrier that is 0.45 eV. Considering that temperature e!ects reduces

the static barrier (through vibrational and configurational entropy) we conclude that this

value is compatible with the activation energy obtained from kinetics (0.37 eV). Further

characterization, including that based on edge- and corner-sharing octahedra,44 as well

as radial and angular distribution43 , will be the subject of future research. The analysis

discussed above is already su"cient to conclude that the microscopic mechanisms of Pb-I

bond breaking, as illustrated in Fig. 5, control the rate of crystallisation.

Ionic Di!usion during Crystallization

The process of crystal growth necessitates the vertical alternation of PbI and MAI planes;

consequently, the mobility of deposited cations on the surface is of significant consequence

to realize the crystalline order. While the mobility of ionic species in the crystal has been

extensively investigated in literature,61,88 this is not the case for the disordered PbI2:MAI

comprising precursors in contact with the crystalline surface.

Our atomistic trajectories permit us to estimate of the di!usivity of diverse species

during growth at di!erent temperatures (see Fig.6, panel a). Details on di!usivity calcula-

tions can be found in the SI. An in-plane (perspective) view of one atomistic crystallizing

configuration is reported in the bottom panel of Fig.6, panel b , where MAs, iodine, and

lead cations are represented in blue, red and green, respectively. A perspective view is

reported in Fig.6, panel c. The large circles in panel b represent the areas in the xy plane

(parallel to surface) explored by the corresponding cations during the dynamics (see S.I.).

It is clear that, consistently with the calculated di!usivities, the displacements of MAs

12



Figure 6: (panel a) di!usivity of Pb (green), I(red) and MA(blue) as a function of tem-
perature, calculated during crystallization process; symbols are atomistic data and lines
are Arrhenius fits; in-plane view (panel b) and perspective view (panel c) of an atomistic
configuration showing the ions displacements (green, red and blue represent Pb, I and
MA, respectively) after dynamics.

(blue area) and iodines (red area) are larger than lead (green area).

We can estimate the activation energies of MAs, iodines and lead to be 0.34 eV, 0.32

eV, and 0.42 eV, respectively. These results are intriguing for several reasons. First, the

di!usivities in the present disordered phase are larger than in the crystalline one. Second,

the molecules, not the iodines, are the most mobile ions during growth. A special role is

played by the Pb metal cations which have the lowest mobility. The activation energy

for Pb di!usion is 0.42 eV, which is close to the corresponding value for crystallisation.

We conclude that di!usion of Pb (at the interface and in the disordered phase) activates

the MAPI crystallization.
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Morphology of the crystalline boundary

For technological applications, the quality and sharpness of MAPI interfaces are crucially

important. For this, it is essential to not only comprehend the growth mechanisms but

also to gain insight into the intrinsic morphology and its evolution during growth. To

this end, supplementary simulations were conducted on larger systems.

Figure 7: (Panel a) Cross-view of the 58416-atoms model consisting of 16 ↔ 14 ↔ 4 cluster
of PbI2 and MAI units deposited on a crystalline surface of area 19.5 nm ↔ 19.4 nm; the
fragments are initially distributed in a volume of 14 nm x 14 nm x 4 nm; (panel b) due
to cohesive interatomic forces the fragments bind to the surface; (panel c) the disordered
PbI2:MAI cluster crystallizes according to a layer-by-layer bottom up process.

The first system is illustrated in Fig. 7 by which we study the crystallization of a large

cluster of precursors on wide crystalline surface (from top to bottom panels). The system

comprises a large surface (19.5 nm ↔ 19.4 nm) on which 16 ↔ 14 ↔ 4 fragments (PbI2 and

MAI) have been deposited. The initial fragments are initially distributed periodically in

a volume of 14 nm ↔ 14 nm ↔ 4 nm (Fig. 7, top panel). The size of the simulation box in

the z direction is 12.1 nm that includes a large portion of empty space above the surface.
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The computational e!ort is justified by the unprecedented insight into the microscopic in-

plane crystal evolution. The in-plane views of the first PbI layer of the cluster during MD

are reported in Fig. 8. In Fig.9 we additionally present the observations pertaining to the

second layer (red) and the third layer (blue) after two microseconds dynamics at 700 K.

From the analysis of trajectories we extract important information: (i) at high deposition

Figure 8: In-plane view of the first deposited layer on crystalline surface during crystal-
lization from initial disordered configuration (panel a) to almost crystallized (panel f);
red circles indicate crystalline nuclei;

dose, the precursors aggregate and adhere to the surface giving rise to a disordered

nanocluster (Fig. 7, panel b,c); (ii) cohesive forces prevent the cluster spreading on the

surface and maintain at least three atomic layers thickness (Fig. 7, panel c); (iii) in

the plane of the surface (Fig. 8, panel a) the cluster is disordered but the boundaries

are aligned on average along ↗010↘ and ↗100↘ crystallographic directions of the surface;

(iv) the crystalline phase nucleates within the contact area (and not at the boundaries),

giving rise to crystalline islands of the thickness of one atomic monolayer, oriented as the
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underlying surface; (v) the crystalline islands grow rapidly in the plane, consuming the

Figure 9: In-plane XY view of the first (panel a), the second ( panel b) and third atomic
layer (panel c) of the nanocrystal at the end of the simulation; the atoms of the second
and third layers are highlighted in red and blue, respectively.

disorder phase along the ↗100↘ and ↗011↘ directions; (vi) the growth decelerates as the

grains come into contact, resulting in the formation of a two-dimensional nanocrystalline

structure with disordered boundaries. (vii) the subsequent evolution is slower leading to

the crystallisation of the edges and the coalescence of the grains into a single crystalline

domain, although with a residual structural disorder; (viii) the second layer (red atoms

in Fig.9) commence crystallisation only subsequent to the underlying layer having locally

ordered themselves; similarly the crystallization of the third layer (blue) occurs where

the underlying atoms have already ordered (red). This step-by-step mechanism gives rise

to a pyramidal crystalline front.

Overall, our results shows a growth process nucleating from the layer in contact with

the surface and evolving layer-by-layer. At the end of the simulation the cluster has not

been able to fully crystallize but exhibits some residual disorder particularly at the second

and third layers.

To gain further insight into the cross-section morphology of the crystalline front, we

additionally examine the systems illustrated in Fig. 10, where a 12 nm-thick layer of

precursors has been deposited. Once more, the results are consistent with a layer-by-

layer growth in the initial stages of crystallisation. The crystalline centres that nucleate

at the interface extend into the plane of the interface while maintaining a planar surface
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Figure 10: Cross-view of the atomistic system (consisting of a (001)-surface covered by
12 nm-thick film of precursors) during crystallization showing the evolution of the crystal
morphology with time.

in the early stages (Fig.10, panels a,b). This shows that the in-plane growth velocity is

greater than the out-of-plane velocity. At longer timescales and for larger surface areas,

the nucleation of crystalline centres may occur even on partially crystallised upper layers.

As a result, the initially planar structure of the interface undergoes a transformation, and

the surface thickness increases. At longer times (≃20 ns), pyramidal structures emerge,

enabling the attainment of roughness of 3-5 nm. The observed growth characteristics

are located between the layer-by-layer and the three-dimensional growth models, and are

consistent with the Stranski–Krastanov evolution (ee the section with this title in the

Supporting Information).
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Spontaneous formation of lead vacancies

We conclude our study with compelling findings on the formation of defects during the

growth process. Point-defects are known to a!ect the optoelectronic properties and the

stability of MAPI.89 Iodine defects are abundant and mobile but they are shallow and

optically inactive;90 on the contrary, experiments and calculations identify lead vacancies,

VPb, as stable and optically active centers in MAPbI3. They give rise to hole trapping91

with deep (0/2–) charge transition located 0.5 eV above the valence band.92,93

Figure 11: Lead vacancy formation during the crystallization process; (panel a) the lead
vacancy (green circle) appears in the PbI monolayer; (panel b) the surrounding MA
molecules di!use around the defect and occasionally occupy the position of the missing
lead atom; (panel c) the overlaying PbI layer (red) traps the vacancy into the grown
crystal.

Most atomistic studies, investigate the formation of defects statically by introducing

defects and by comparing the energetics to that of the perfect bulk.94 Interestingly, our

MD simulations make it possible to observe and explain the mechanism of formation of

lead vacancy during crystallization at finite temperature. The crystallization proceeds

by first forming a MAI plane that is then progressively covered by a subsequent PbI

plane. The crystallization of the latter plane is slower and, due to the low di!usivity of

Pb cations, contain several VPb lead vacancies (see Fig.11, panel a, green circle) mainly

located at the boundaries of the growing crystalline PbI nuclei. The vacancies are negative

with charge opposite to that of the missing lead cation. At low crystallization rate, the

vacancies are eventually saturated by lead atoms arriving from the neighboring regions

of the precursors film. However, the positively charged MAs molecules can be captured

by the negative VPb due to the attractive electrostatic interaction; the result is a long-
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living metastable VPb-MA95 (see Fig. 11, panel b) complex that can be buried into the

crystal if the overlaying MAI plane (Fig. 11, panel c, red) is rapidly formed. As we

have concentrated on stoichiometric conditions, the presence of vacancies at the crystal-

amorphous interface indicates the presence of excess lead atoms in the superior disordered

layers. This occurs due to the slow di!usion of metal cations. Since the formation of

vacancies at the interface, the restoration of a perfect crystal is unlikely to occur, because

it is requested the reaction with an interstitial lead, but this is a rare event due to the low

mobility of metal cations in the crystalline phase.90 The result is a stable lead vancancy

VPb in the crystallized film. At high growth rates we also observed the formation of

cation-cation antisite, MAPb, obtained by an interstitial MA cation that occupies the lead

vacancy. In line with our findings, by static DFT calculations, Xue et al.96 found that

in the inorganic CsPbI3 crystal, under nonequilibrium conditions, sizeable concentrations

of lead vacancies VPb
2→ and cation–cation antisites Cs→

Pb
are expected.

From this analysis, we conclude that the formation of lead vancancy is driven by the

kinetics of growth rather than the equilibrium thermodynamics and the final concen-

tration is related to the balance within crystallization velocity and mobility of ions. In

other words, it is in principle possible to reduce the concentration of such defects at lower

kinetics (controlling T and deposition flux) or with strategies to increasing the mobility

of lead (e.g. with excess PbI).

Conclusions

In conclusion, by means of new model potential MYP2 we have studied the crystalliza-

tion of MAPI3 during annealing; the temperature dependence of the growth velocity is

described by an activation energy 0.37 eV, a value that we associate to the break up

of defective Pb-I bonds and to the energy barriers for di!usion of lead cations at the

disorder-crystal interface (0.4 eV). The crystal evolution with time exhibits the morpho-

logical features of the Straski-Krastanov growth with surface roughness increasing during

the annealing, consistently with observations in evaporated material. Remarkably, we
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have observed and analysed the mechanisms of spontaneous formation of lead vacancies,

suggesting a kinetic origin of such an optically active defects and the possibility, in prin-

ciple, to reduce their concentration reducing annealing temperature and deposition rate

or by strategies to enhance lead di!usivity.

Methods and Simulations

The MYP2 force-field is obtained by starting from the MYP0 and adding an extra many-

body functional (MB) acting on inorganic atoms. The MYP0 model62 encompasses the

sum of organic-organic UOO, inorganic-inorganic UII and organic-inorganic UOI terms.

The UOO has the functional form of the standard GAFF force field including bonds, angles,

dihedrals, electrostatic and dispersive interactions.97 The UII inorganic Pb-I interactions

are described by Buckingham-Coulomb potential.98,99 As for UIO, they are the sum of

nonbonding Buckingham, Coulomb and Lennard-Jones 12-6 (LJ) terms.

The rationale of MYP2 is to model the covalent (i.e. directional) character of the

Pb-I bonding (that is not otherwise included within the pure ionic MYP0 model) by

adding Terso! terms;72 for a comprehensive description see Ref.72 Molecular dynamics

calculations were performed by the LAMMPS software.100 The time step was chosen equal

to 1 fs. We made use of the overlay functionality and the pair_style hybrid overlay terso"

lj/charmm/coul/long 9.9 10.0 buck/coul/long 9.9 10. When directly comparing DFT and

MD clusters, we made use of identical simulation boxes. Instananeous crystalline fraction

were calculated through the structure factor, Sωk
(t),

Sωk
(t) = | 1

N

∑

r=1,N

e
iωk·ωxr(t)| (2)

which is the spatial Fourier transform of the atomic positions, xr, of the N atoms of the

system evaluated in the reciprocal space of the crystal with reciprocal vector ϑk; we chose

(k= 2ε
L0

,0,0) with L0 close to the Pb-I lattice spacing (see S.I.). The value of Sωk
approaches

one in a perfect crystal or zero in a totally disordered system.

The ab-initio calculations were performed using the plane wave basis set code Quan-
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tum Espresso version 7.3101,102 , applying Density Functional Theory (DFT) through the

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional.103 This is used in com-

bination with projector augmented-wave (PAW) pseudopotentials from PseudoDojo104 to

describe the interaction between ions and electrons. The kinetic energy cuto! is set to 20

Ry. The convergence of the self-consistent field (SCF) calculation is considered achieved

when the total energy changes by less than 10→6 Ry and the interatomic forces by less

than 10→5 Ry/Å. Graphical representations of atomistic structures were made with VMD

software105 and GNUplot106 crystallization and di!usivity plots. The input files to re-

produce all the MYP2 and DFT calculations performed in this work are available in the

SI.

Supporting Information Available

The supporting material includes the structures and control files for molecular dynamics

simulations (file suppporting.tgz). The Supporting Information document (PDF) con-

tains additional details related to: (i) crystallization evolution with time; (ii) kinetic

model used to fit the crystallization data; (iii) calculation of the static energy barrier

for crystallization; (iv) crystallization at di!erent temperatures; (v) Stranki-Krastanov

mechanisms of crystal growth.
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