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Controlling the crystallization mechanism of metal halide perovskites is of utmost importance to grow
defect-less perovskite layers for efficient solar cells and optoelectronic devices. Despite its relevance,
there is a lack of microscopic understanding of the nucleation and crystallization processes during the
formation of the perovskite phase from its precursors. To unveil the electronic and atomistic features of
this process we carry out ab initio molecular dynamics simulations on a model system which consists
of a stoichiometric layered lead iodide (Pbl,)-methylammonium iodide (MAI) structure, characteristic of
intermediate phases observed in sequential deposition methods. Our results show clear evidence of
halide-driven chemistry: MAI iodine ions attack lead ions in the Pbl, layers and cause a nucleophilic
substitution of Pb—I bonds with a subsequent breaking of the Pbl, layer. Undercoordinated [Pbl,]>~"
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complexes are initially formed which create the 3D perovskite framework mediated by additional
nucleophilic attacks. The relatively fast rearrangement of [Pbl
cations limits the perovskite growth. Our results provide insight into the key steps of the perovskite for-

S27 complexes followed by motion of MA
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mation on a microscopic scale, providing hitherto inaccessible details on the factors limiting the perovs-
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1. Introduction

Metal halide perovskites (MHPs) have emerged in the last
decade as the most promising material class for efficient solar
energy conversion in photovoltaic devices. MHPs show favorable
optoelectronic properties such as a direct band gap,' large
dielectric constants,* low carrier effective masses,”® sharp optical
absorption with low Urbach energies,” and low non-radiative
recombination.®® In combination with low-cost and large-scale
processing techniques such as spin-coating from solution or
vapor phase deposition, MHPs fulfill all requirements to compete
with established photovoltaic technologies. A drawback of MHPs
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kite growth and on the effect of different halides on the kinetics of crystal formation.

is their propensity to defect formation due to the weak metal-
halide bonds.'*'" Related to this, variations in the local structure
in form of grain boundaries or incomplete crystallization'*"* may
give rise to accelerated degradation and loss of efficiency.

The basic chemical reaction for MHP synthesis is surprisingly
simple: mixing a solution of a metal—halide precursor (e.g. Pbl,)
with a halide salt (e.g methylammonium iodide, hereafter MAI)
leads to thin film formation by solvent evaporation. The formation
process of the perovskite phase is, however, far more complex and
it evolves through various intermediate phases.'*"> Controlling the
reaction kinetics is crucial to form a homogeneous, defect-free
photoactive layer for efficient solar cells. Within solution-
processing techniques, dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO) are commonly employed solvents to control the
formation of highly crystalline perovskites.'®'” These coordinating
solvents serve the function of dissolving the precursors and of
forming iodoplumbate complexes (such as Pbl,, Pbl;~ and PbL,>*~
coordinated by various solvent molecules) which facilitate
perovskite film formation."®'®?® Interestingly, a strong correlation
between the concentration of Pbl,>~ species in the precursor
solution and the density of charge recombination centers in the
perovskite thin film has been reported.'® Further insight into the
nucleation mechanism of MAPbI; in solution was recently reported
by Rothlisberger and coworkers.”” Using classical molecular
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dynamics they showed the presence of a Pbl,-like phase made of
clusters of Pb*" and I~ before any nucleation is observed. These
clusters are finally converted into the perovskite phase by the
diffusion of MA cations into the aggregates. MHPs can also be
grown by sequential disposition methods, which first introduce
PbI, from solution and subsequently expose the pre-formed Pbl,
film to a MAI solution.® Alberti and coworkers reported that the
crystallization of the perovskite phase from Pbl, occurs through
layered intermediates that are formed upon MAI intercalation in
PbL,.>® Song et al. observed crystalline precursor phases within
spin-coated MAPDI; films prepared using different metal-halide
routes (Pbl,, PbCl,), highlighting the importance of annealing
duration to obtain defect-less perovskites.*® Gritzel and coworkers
demonstrated an accelerated crystallization process by illumination
during sequential deposition.*® This observation is linked to the
compensation of surface traps within the Pbl, film by photo-
generated holes, which improves the migration of the I" from
MAI into the Pbl, film. luminated precursor solutions show an
increased amount of high-order iodoplumbates which allows
uniform perovskite film formation with low defect density and high
reproducibility.** Seok and coworkers observed a highly crystalline,
self-organized MAI-PbI,-DMSO intermediate phase within
fully solution-processed MAPD(I, ,Br,); perovskites by rapid
intercalation of MAI and DMSO in between the weakly bonded Pbl,
layers.* Interestingly, such intermediate phases are also observed
during thermally induced degradation of MAPbI; perovskites.**
These studies further highlight the relevance of a stable
intermediate phase for the formation of a uniform and dense
perovskite layer upon thermal annealing.

A different route to perovskite formation is vapor-phase
synthesis.>**® Vapor-phase deposition techniques are of
special interest as they allow large scale and volume production
and are widely used in the semiconductor industry. In this case,
the precursors are evaporated and the perovskite formation
occurs by direct reaction. As early as in 1998 Era et al. fabricated
layered perovskite structures by dual-source vapor deposition.*!
They showed that vaporized organic ammonium iodide inter-
calates into the van der Waals gaps of vacuum-deposited Pbl,
layers to form self-organizing perovskite layers. Sequential
vapor-phase deposition facilitates the formation of highly
uniform MHP films for efficient solar cells in situ by vapor
deposition of MAI in vapor-deposited metal-halide films.>®3%4>~*
Vapor-phase deposition has been recently used to fabricate
wide-bandgap mixed-cation and mixed-halide perovskite films
with suppressed halide segregation by simultaneous sublimation
of four precursors.*> Perovskite crystallization by vapor-phase
deposition occurs by a deconstruction-reconstruction mechanism
due to high thermal energies, while solution-processed
perovskites  crystallize by a  dissolution-reconstruction
mechanism.’® Brenner et al. proposed that the crystallization
process within vapor-phase deposition is initiated by the attack
to Pbl, sheets by highly energetic MAI vapor that forms randomly
oriented crystal seeds; additional energy (e.g. temperature or light)
induces an entropy-driven reorganization of the octahedra during
crystallization.”® The final morphology shows a strong
orientational and structural relationship with the initial Pbl,
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crystallites. Intermediate techniques have also been experimented,
such as the vapor-assisted solution synthesis.*”**

Despite the relevance of the perovskite crystal growth on the
final material optoelectronic quality there is still a lack of
microscopic understanding of its fundamental mechanisms.
Electronic and atomistic simulations may provide a powerful
tool to gain insight into the fundamental aspects of chemical
processes on an atomic scale. Understanding the key steps
during the crystallization of the perovskite phase from the
initial precursors can open new perspectives for improved
control of the perovskite morphology for controlled materials
properties. In this work, we report results from ab initio
molecular dynamics simulations on the formation kinetics of
MAPDI; perovskite from MAI and Pbl, precursors. In particular,
we focus the attention on the early stages of perovskite crystal-
lization mechanism to provide a unique and experimentally
inaccessible insight. We start from a layered structure of PbI,
intercalated with MAI in the absence of solvent. Through the
dynamics, we provide insight into the early stages of the
reaction kinetics during perovskite formation. We find in
particular that the reaction is initiated and driven by a
series of halide nucleophilic attacks to Pbl, layers, leading to
formation of iodoplumbate complexes and breaking of the PbI,
network. Migration of the so formed iodoplumbate complexes
bypasses the high activation energy related to Pb ion migration
making lead available for the subsequent creation of vertical
(i.e. across Pbl, layers) connectivity. The slower MA dynamics
followed by reorientation of connected [PbI,]* " polyhedral
(not observed on our time scales) finishes the process and
leads to perovskite formation. Our results allow us to gain
insight into the factors limiting the perovskite growth, offering
at the same time a view on the role of different halides (e.g. Cl
and Br) as precursors and additives in the kinetics of crystal
formation.

2. Model and computational details

Car-Parrinello molecular dynamics (CPMD)*® simulations have
been carried out with Quantum Espresso®® using the GGA-
PBE®' functional. Electron-ion interactions were described by
scalar relativistic ultrasoft pseudopotentials with electrons
from I 5s, 5p; N and C 2s, 2p; H 1s; and Pb 6s, 6p, 5d shells
explicitly included. Plane-wave basis set cutoffs for the smooth
part of the wave functions and the augmented density were 25
and 200 Ry, respectively. CPMD simulations have been per-
formed using an integration time step of 10 au for a total
simulation time of ca. 250 ps. The fictitious masses of the
electronic degrees of freedom are set to 1000 au. We set the
atomic masses of all atoms to an identical value of 5 amu to
enhance the dynamical sampling during the CPMD simulations.
The atomic positions are randomized initially to reach a
temperature of 450 + 30 K without further applying any
thermostat.

To properly define the PbI,-MAI we initially modelled the
isolated PbI, and MAI species adopting the experimental P3m1

© 2021 The Author(s). Published by the Royal Society of Chemistry
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structure®® for Pbl, and the P4/mmm:2 structure for MAL>?
The initial configuration is made of a layered PblI,-MAI structure
of two crystalline Pbl,-layers intercalated with MAI layers with a
stoichiometric 1: 1 ratio (see Fig. S1, ESIt). Then we increase the
distance between the Pbl, layers and insert MAI with Pbl, : MAI =
1:1 stoichiometry. The supercell consists of 8 Pb ions, 8 MA
molecules, and 24 I ions in total with =5 =9.1 A, ¢ = 28.47 A and
y = 120°. Throughout the manuscript, we distinguish between
iodide ions originating from MAI, labeled as I*, and iodide ions
originating from Pbl,, labeled as I.

3. Results and discussion

To initiate the dynamics we chose a starting configuration
made of Pbl, layers oriented along the (001) direction, which
is the preferential growth direction of Pbl,,*° intercalated by a
stoichiometric MAI amount in its P4/nmm:2 crystal structure.>®
This starting structure is mimicking the intermediate phase
experimentally characterized by Alberti et al.>® and it can be
associated with those obtained in sequential deposition methods
(two-step method), whereby exposure of MAI solutions to
deposited Pbl, layers leads to an intercalation of MAI in between
PbI, planes to form MA-Pb-I intermediates.>>* This underlines
that the initial configuration of our model is potentially close to
intermediate situations encountered during perovskite synthesis.

Fig. 1 visualizes snapshots of the key steps during the system
dynamical evolution. We summarize here the main steps.
Starting from the ordered PbI,-MAI arrangement, Fig. 1a,
iodine ions readily migrate from MAI towards the Pbl, layers,
with a consequent nucleophilic attack to Pb ions. The crystal-
line Pbl, layers break and Pbl, complexes are formed close to
the initial MAI positions, Fig. 1b. These initial fast halide-
driven structural changes are followed by a slow rearrangement
of the inorganic complexes and of the organic cations, Fig. 1c.
A series of nucleophilic attacks combined with the slow
rearrangement of the inorganic complexes transform the structure
from the initially layered system towards a 3D perovskite
framework, Fig. 1d. Additionally, the mutual orientation of the
organic cations approaches the expected alignment in bulk
MAPbDIL;, Fig. 1d.

We start our detailed analysis by investigating the mechanism
that induces the breaking of the PbI, layer. We distinguish
iodine originating from Pbl, (hereafter I) from iodine originating
from MAI (hereafter I*). Fig. 2a shows the temporal evolution of
the average Pb/I coordination number, see Fig. S2 (ESIf) for
individual Pb/I contributions. Within 25 ps of simulation time
significant changes in both coordination numbers are observed.
The Pb/I* coordination number (representing MAI iodine binding
to lead) increases by ~1 while the Pb/I coordination number
simultaneously drops by ~1. This is a clear indication of MAI
iodine attacking the PbI, layers, with simultaneous breaking of
one Pb-1 bond from Pbl,. Basically, the electron-rich I* attacks the
electrophilic lead center and replaces one Pb-I bond. The average
Pb-I distance decreases substantially from the initial value of
5.6 A to 3.2 A (see Fig. S3, ESIt) and it approaches the expected

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Time evolution of the MAPbIs creation starting from a stochio-
metric, layered Pbl,-MAl supercell from CPMD. The colors of the ions are
as follows: Pb (cyan), iodide from Pbl, (purple), iodide from MAI (red), N
(green), C (blue), H (gray). The supercell has been duplicated for improved
visibility. Dotted regions correspond to selected areas of interest, see text.
The VESTA software package has been used for visualization.>®

Pb-1 bond length of ~3.19 A of MAPbI,.*® This iodine attack
breaks the crystalline PbI, structure and lead-iodide complexes
start to detach from the Pbl, layer, Fig. 2b. In the remainder of the
trajectory, multiple changes in the number of coordinated I and I*
for the individual Pb ions are observed (Fig. S2, ESIt). It is worth
to analyze the Pbl, breaking by the nucleophilic attacks of I* to Pb
ions for one specific Pb center, see representative structures in
Fig. 2b. Each individual iodine ion is labeled consistently to
capture the dynamics during the nucleophilic attacks. Initially,
Pb is sixfold coordinated with I; the distance to the nearest I* ion,
1*(A), is larger than 5 A. Within 2 ps, we observe a first nucleo-
philic attack of a I*(A) to Pb. Simultaneously, the Pb-I(5) bond is
broken. I*(A) attacks the positively charged Pb center, which
reduces the Pb-1*(A) distance from 5.2 A to 3.2 A (see Fig. S4b,
ESIt). This induces the breaking of the Pb-I(5) bond, as captured
by the distance increase between Pb and I(5), see Fig. S4c (ESI).
At this point, the Pb ion is still within the starting PbI, position.
The first nucleophilic attack mainly causes structural disorder in
the Pbl, layer while to complete breaking of the Pbl, layer a
second nucleophilic attack is required. At ~21 ps, I*(B) attacks
the Pb ion, Fig. 2b; simultaneously, two Pb-I bonds, Pb-I(1) and
Pb-I(4), are broken. The second nucleophilic attack eventually
opens the structure and pulls the Pb center towards the region

Mater. Adv., 2021, 2, 3915-3926 | 3917
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Fig. 2 (a) Time evolution of the average Pb/lI and Pb/MA coordination
number using a cutoff distance of 37 A and 7 A, respectively.
We distinguish coordination of Pb with Pbl; iodine (purple) and MAI iodine
(red). All curves show moving averages; see Fig. S6 (ESI), for raw data. (b)
Snapshots showing the breaking of the Pbl, layer by the nucleophilic
attack of MAI iodine for a particular Pb center. (c) Snapshots showing the
motion of MA cations and Pb ions during the Pbl, breaking.

initially occupied by MAI The structure now consists of under-
coordinated Pb ions in the MAI region and excess iodine in the
Pbl, region. The final snapshot in Fig. 2b visualizes the fivefold
coordinated Pb ion entering the interlayer region.

It is also interesting to investigate the time evolution of MA
cations motion in terms of Pb/MA coordination number, in
Fig. 2a (see Fig. S5 (ESIY), for each individual Pb ion). The
average coordination number increases within the first 30 ps
from ~3.5 to ~6.5 but it remains considerably below 8, the
expected value in MAPbI;, during the remaining trajectory.
After breaking of the PbI, layers, Pb ions move towards the
starting MAI positions, while MA cations remain located
roughly in their starting position, Fig. 2c. This reduces the
distance between Pb and MA and explains the increase in Pb/
MA coordination. These observations can be reasoned by two
aspects: (i) complexation of metals with an s> electron

3918 | Mater. Adv,, 2021, 2, 3915-3926
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configuration, such as Pb*>*, with halide ions was shown to
occur easily with low activation energy;'®”” (ii) iodine from MAI
has strong donor capabilities and readily forms Lewis adducts
with Pbl,.'”® Additionally, it is well known that iodine ions
have the lowest activation energy barriers for migration and
consequently show higher diffusivity compared to MA
cations.”® I* ions are fully negatively charged, while the effective
charge of I in the Pbl,-layers is partially screened due to the
presence of the positively charged Pb centers. Thus, Pb tends to
form new bonds with the I*. Such intercalation reactions of
layered PbI, with iodine ions have been proposed in the early
years due to low activation energies.®

We now move to study the initial formation of the 3D
perovskite framework. Fig. 3a visualizes the key steps of the
reaction mechanism that forms the inorganic framework
connecting the initial layers. In the first snapshot, additional
nucleophilic attacks are highlighted. Starting at 22 ps, I*
attacks lead ion Pb(A) and breaks the upper Pbl, layer. Addi-
tional formation and breaking of bonds of Pb(B) with iodine is
observed. Subsequently, the inorganic complex formed by Pb(B)
migrates into the interlayer region. Pb(B) remains bonded by one
iodine ion to Pb(C) in the lower Pbl, region. Simultaneously, the
distance between Pb(B) and Pb(A) decreases from initially 13 A to
5 A, Fig. 3b. The number of coordinated iodine to Pb(B), Fig. 3c,
indicates that Pb(B)-I bonds are released and another Pb-I*
bond is formed. At 32 ps, only two Pb-I bonds are present, while
up to three Pb-I* bonds are formed. After 45 ps, the distances
between the individual lead ions approach a value of ~6.0 to
6.5 A, which is close to Pb-Pb distance of ~6.26 A in the MAPbI,
perovskite.®® Two Pb(B)-I* bonds and three Pb(B)-I bonds are
kept such that Pb(B) remains undercoordinated. The highlighted
Pb ions bonded by iodine ions form roughly a straight line
connecting the initial Pbl, regions, as known from the perovskite
phase. Throughout the remaining trajectory the number of
fivefold coordinated Pb ions remains roughly constant (see
Fig. S7, ESIt). The analysis also visualizes the presence of
fourfold coordinated Pb ions, which suggests the presence of
iodine deficient regions. Also interesting, the Pb/MA coordination
number increase from ~6 to ~8 concerted to the Pb-halide
migration, Fig. 3c, indicating a local MA environment close to
that of the perovskite product, see also Fig. S8 (ESIY).

A salient feature revealed by our ab initio molecular
dynamics simulations is the observation of Pb-migration taking
place as Pb-halide complexes, not as individual Pb ions. Ionic
migration of Pb*" in the perovskite lattice (through a Pb-
vacancy hopping pathway) has high activation energies,”
which may imply that Pb is the limiting element to perovskite
growth. Our simulations show, however, that halide coordina-
tion to Pb allows facile migration pathways in the early stages of
perovskite nucleation through the effective formation of
[PbL,]>~" complexes, in line with the results reported by Kamat
and coworkers.>*®*> The Pb/I coordination strongly decreases
before the Pb-halide complex enters the initial MAI region due
to several nucleophilic attacks. In perovskite bulk, Pb-vacancies
move along the side of the square formed by four Pb and four I
ions (see ref. 59, Fig. 1c) being also undercoordinated during

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Snapshots showing the formation of the 3D perovskite framework. Lead ions are consistently labeled to track their dynamics. (b) Temporal

evolution of the distance between Pb ions. (c) Temporal evolution of the coordination number of Pb(B) ion with Pbl; iodine (purple) and with MAl iodine

(red). The green curve shows the Pb(B)/MA coordination number.

migration while the detailed Pb/I coordination was not
reported.

The remaining questions to be answered are how close our
structure gets to the perovskite phase and, consequently, what
factors may limit the perovskite growth. As already noted above,
the average Pb/I coordination number remains below the
expected value of 6, which means that undercoordinated Pb
ions remain present throughout the simulation. In the final
50 ps of the trajectory, the Pb/I* coordination number approaches
2, with a simultaneous decrease in the Pb/I coordination number
to 3. These changes are also visible in the time evolution of the
I/Pb coordination number (see Fig. Séc, ESIt). The average
number of Pb ions bonded to I* shows a notable increase to a
value of 2 during the final 50 ps, while the number of Pb ions
bonded to I slowly drops towards 1. This change in coordination
is mediated by the migration of iodine ions as visible by the jumps
in the time evolution of the Pb/I and Pb/I* coordination number
for the individual Pb ijons, Fig. S2 (ESIf). Undercoordinated
iodine is mainly located in the starting MAI region, while under-
coordinated Pb is observed within both the MAI and the Pbl,
region. Undercoordinated iodine indicates the presence of lead
vacancies during the structural evolution. Lead and iodine

© 2021 The Author(s). Published by the Royal Society of Chemistry

vacancies belong to the most stable defects in all growth-
conditions."™® In the 2-charge state, lead vacancies provide
shallow trap states for holes, with high migration barriers.*®
As iodine ions from MAI initialize the crystallization process and
fully coordinate with Pb ions, an excess of MAI may improve both
the crystallization and reduce the amount of undercoordinated Pb.
This agrees with experimental studies, which report increased
coordination of Pb ions with iodine at increased MAI
concentration.*! This might be further improved with the usage
of hydriodic acid (HI) as additive.*"

To understand the limiting factor in the perovskite growth,
we analyze the radial distribution functions (RDF) between the
different fragments and compare them to the RDF of the
orthorhombic phase of MAPDbI;.*! Fig. 4 shows the cumulative
RDF for (a) Pb-1, (b) Pb-MA, (c) MA-MA, and (d) Pb-Pb; the
corresponding RDFs are shown in Fig. S10 (ESIt). The RDF of
Pb-1 (Fig. S9, ESIt) shows an increased signal for Pb-I* and a
simultaneous decrease for Pb-I at 3.2 A, capturing the nucleo-
philic substitution. The Pb-I RDF, Fig. 4a, shows slightly lower
coordination than that of bulk perovskite at the typical Pb-I
bond distance of 3.2 A, with the remaining signal at ~3 A due
to the remaining Pbl,-rich regions in the initial PbI, position.

Mater. Adv,, 2021, 2, 3915-3926 | 3919
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Fig. 4 Cumulative radial distribution function (RDF) for (a) Pb—I, (b) Pb—MA, (c) MA—MA, and (d) Pb—Pb. Nitrogen has been used as a reference for the MA
cation. The black curves show the expected cumulative RDF for the orthorhombic phase of MAPbIs. The colors capture the time information of the RDF:
time increases from blue to red (see color scale in (b)). All curves show averages across ~ 25 ps time slices.

The Pb-MA RDF changes within the first 25 ps approaching the
expected RDF of MAPbI; but it remains quite far apart from the
perovskite one, Fig. 4b. Interestingly, the MA-MA and Pb-Pb
RDFs, Fig. 4c and d, show slow changes in the remaining
trajectory after a fast change in the early simulation stages.
These RDFs show an intermediate phase between the initial
PbI,-MAI and the perovskite phase that is made of a Pbl,-rich
region in the initial PbI, position and the 3D perovskite frame-
work forming across the Pbl,-layers (see also Fig. 1d).

To reach the perovskite phase, MA and Pb ions need to
rearrange within the structure. Both components have higher
activation energies than I ions,”® which may slow down the
rearrangement limiting in turn the perovskite growth. As
initially shown in Fig. 1, undercoordinated Pb ions rearrange
following several nucleophilic attacks to form the 3D perovskite
framework across the starting MAI region. This process only
requires hundreds of ps and it occurs inhomogeneously. Thus,
regions with faster perovskite growth are observed. Previously,
Rothlisberger and coworkers demonstrated a slow transition of
edge-sharing octahedra to the perovskite corner-sharing octahedra
after 180 ns by metadynamics.”” This slow dynamical evolution
testify the incomplete perovskite formation observed at our time
scales, pointing at a potentially significant effect of post-synthetic

3920 | Mater. Adv, 2021, 2, 3915-3926

annealing treatment on the perovskite crystal and optoelectronic
quality.®®

A mechanistic picture of the perovskite crystallization from
one-step solution processing was discussed by Rothlisberger
and coworkers.”” Their main findings show that nucleation
starts by aggregates of Pb>" and I ions which evolve into
clusters of edge-sharing [Pbl]*~ octahedra, which are comparable
to the PbI, layers in the two-step deposition method (see Fig. 1a).
The transformation from these edge-sharing clusters to corner-
sharing perovskites was shown to occur by MA" cation diffusion
into the Pb-I clusters, while details of reaction chemistry of the
[PbI]*~ complexes during perovskite crystallization were not
addressed. Our findings add a novel perspective on the role of
the halide on the perovskite nucleation and present unexpected
fast halide-mediated migration of [PbL,]> " complexes. Moreover,
the observation of undercoordinated Pb centers during perovskite
crystallization is of utmost importance to accurately engineer the
precursor composition to obtain defect-free perovskites.

Scheme 1 summarizes the main mechanistic findings of our
study. The initial stage of perovskite formation is the nucleo-
philic attack of reactive iodine ions from MAI to Pbl,,
Scheme 1a, leading to breaking of the edge-sharing connectivity
and detachment of Pbl, polyhedra from PbI,, Scheme 1b.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Reorientation of
MA + Pbl, Complexes

Formation of 3D
Perovskite Framework

Scheme 1 Schematic representation of the main steps in the formation of methylammonium lead iodide perovskite from MAI and Pbl, precursors.

Migration of Pbl, polyhedra then occurs, bridging different
PbI, layers and creating out of plane connectivity, Scheme 1c.
Slow polyhedral rearrangement, not captured by our
simulations, eventually leads to 3D perovskite formation,
Scheme 1d.

The mechanism highlighted by our ab initio molecular
dynamics simulations highlights some critical factors potentially
influencing the defect chemistry associated to the growing
crystal. The crystal growth is activated and driven by halides.
The nucleophilic attack is rather fast, as well as the formation
of Pb-I bonds to form bridges between PbI, layers. Halides
other than iodine can have significant effect on the kinetics of
this initial perovskite formation step. Typically using chlorine
in precursors or as an additive together with iodine was shown
to have a beneficial effect on the lead-iodide perovskite
growth.®®"®® Chlorine is typically not retained into the crystal
lattice of lead-iodide perovskites beyond a few % due to the
limited miscibility of Cl and 1.”° Thus its effect on the final lead-
iodide perovskite quality is mainly related to crystal growth
kinetics.*®

Based on our mechanistic analysis we can speculate on what
the effect of different precursor conditions is on the perovskite

© 2021 The Author(s). Published by the Royal Society of Chemistry

growth. Referring to the standard stoichiometric perovskite
synthesis (eqn (1) below)

PbI, + MAI — MAPbI, )

MAI rich conditions can activate PbI, exfoliation and the
formation of 3D network, improving kinetics of crystallization.
As explained above, a slow step in our mechanism is the
reorganization of iodoplumbate clusters to form 3D framework.
To this aim, the incorporation of MA in the forming complex
cage is essential. If the formation of the 3D inorganic network
is quite fast (all is driven by iodine), it is likely that the slow
motion of MA cations could determine the defect chemistry in
the early stage of perovskite formation. In the limited timescale
of dynamics only Pb and I species are moving to build the
3D network, while evidently MA cations rearrange in longer
timescales. The limited availability of MA cations can be at the
origin of the low coordination of Pb (n = 5) in the MAI
interlayer, due to lack of positive counter-charge. This slow
MA motion can potentially lead to the formation of MAI-poor
and MAI-rich portions, and overall a high density of I and MA
Frenkel defects in the crystal."* Slowing crystallization through

Mater. Adv,, 2021, 2, 3915-3926 | 3921
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stronger lead coordinating solvents may help to keep stoichio-
metry during cluster formation and reduce the disorder.

With reference to the use of different halides (e.g. Br and Cl)
as precursors or additives to lead-iodide perovskites synthesis,
two different situations related to the ‘“chlorine route” can be
highlighted, corresponding to using a PbCl, salt as lead source
(eqn (2) below) or a MACI additive as chlorine source (eqn (3)
below):

PbCl, + 3MAI —» MAPbDI; + 2MACI (2)

PbI, + MACI + MAI — MAPbI; + MACI (3)

In (1) iodine is both the nucleophile and the leaving group.
In other words, iodine is both the attacking and leaving species,
with iodine coming from MAI more nucleophilic (thus more
active) than iodine from Pbl,, as discussed above.

In (2) CI (and to a lesser extent Br) form stronger bonds with
Pb in PbCl, than iodine. At the same time Cl (and Br) is
generally a worse leaving group than iodine due to its smaller
size and poor solvation in organic solvents. We thus expect
reaction (2) to be significantly slower than (1) in all the four
schematic reaction steps highlighted in Scheme 1. This is
consistent with early observations by Jen and coworkers.®®
Stone et al. showed that this chlorine route forms a stable
precursor with slow crystallization which can be accurately
controlled by gradual MACI evaporation.”

In (3) MACI may look as a spectator. Its role is, however, that
of promoting Cl nucleophilic attack to Pbl, due to its stronger
donor capability compared to iodine and the formation of
stronger Pb-Cl bonds. Thus, the initial stage of Pbl, network
breaking, (a) and (b) in Scheme 1, is facilitated likely leading to
formation of mixed [PbCl,,I,J* ™" complexes. The subsequent
step of polyhedra migration with formation of the vertical
perovskite connectivity, (c) in Scheme 1, should also be facilitated.
Being a worse leaving group than iodine, the final chlorine
expulsion to form MAPDIL;, (d) in Scheme 1, is definitely slowed
down, overall leading to a slower and likely more effective crystal
growth. Consistently, Xu et al. observed an increased reaction of
PbI, in presence of MACI into an intermediate MAPbI,Cl phase,
while the conversion into MAPbI; and MACI by adding MAI is
strongly decelerated.”” MACI is stabilizing the intermediate phase
which finally is converted to perovskite by thermal annealing, with
simultaneous sublimation of residual MACL>®*7>7* Finally,
Xie et al. observed a recrystallization process leading to vertical
perovskite growth,” and Kim et al. observed an improvement in
morphology and phase crystallinity with increased grain size
using MACI as precursor.”

4. Summary and conclusions

We have reported results from ab initio molecular dynamics
simulations of the key steps of the formation of metal-halide
perovskites. Our starting configuration is made of a layered
structure of Pbl, and MAI, representing the intermediate
phase likely encountered in sequential deposition techniques.
Our analysis allows us to cast some insight into the initial steps
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of MAPbI; formation. We find that the determining step to
achieve a material with high crystallinity is related to breaking
the PbI, layers. The breaking of Pbl, is initiated by the
nucleophilic attack of iodine ions coming from MAI to lead
ions. After breaking the Pbl, layers, undercoordinated Pb ions
in the form of iodoplumbate complexes migrate into the
starting MAI region and create the “vertical” interconnection
between the initial Pbl, layers. Further nucleophilic attacks
mediate the formation of this 3D perovskite framework.
The limiting process in the perovskite growth is the slow
rearrangement of the polyhedra and of the organic MA cations,
which is reflected in slow changes in the radial distribution
functions approaching (but not reaching, within the explored
time scale) the final perovskite structure.

Based on the proposed reaction mechanism we can expand
our view to speculate on the mechanistic implications related
to the use of different halides (e.g. Br and Cl) as precursors or
additives to lead-iodide perovskites synthesis. Considering the
chlorine effect in the lead source (e.g. PbCl,) or as an additive
(e.g- MACI) the proposed reaction mechanisms implies in both
cases a slower kinetics due to breaking stronger Pb-Cl bonds in
different reaction stages. Such knowledge should be helpful to
deepen our control on perovskite synthesis, leading to further
optimized materials in terms of stability and optoelectronic quality.
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