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ABSTRACT: Theoretical understanding of the nucleus
structures of hybrid perovskites, such as those of the
prototypical methylammonium lead triiodide (MAPbI3), can
greatly improve the deposited thin film quality and the
resulting optoelectronic device performance. In this paper, we
report a systematic molecular dynamics simulation study on
nucleation and interfacial mismatch during the vapor
deposition of MAPbI3 on the TiO2 substrate under different
ionic precursor (PbI2 and MAI salts) compositions and
temperatures. Despite significant anisotropic lattice mis-
matches, small defects are observed at the TiO2/[MAI]0 interface due to intermediate electrostatic attractions between I and
Ti atoms, while very strong electrostatic attractions between Pb and O atoms lead to significant defects at the TiO2/[PbI2]

0

interface. From the vapor deposition simulations, we identify PbI4
2− tetrahedra, PbI5

3− pyramids, and PbI6
4− octahedra as

dominant polyhedral building blocks of early MAPbI3 nuclei. Specifically, the PbI5
3− pyramids dominate over other polyhedra

and could be a good candidate for converting into PbI6
4− octahedra upon further crystallization. We further identify early

MAPbI3 nuclei built upon well-connected PbIx polyhedral clusters and finally locate the efficient early MAPbI3 nuclei based on
sufficient amounts of surrounding MA+ cations. The populations of these early nuclei increase rapidly with increasing the MAI
composition, suggesting that potential improvements in film quality could be introduced by depositing more MAI salts or MA+

cations, a finding consistent with experiments. Although the impact from temperature is weaker than that from composition, the
optimal temperature for nucleation is found to decrease with increasing the precursor composition PbI2/MAI. Finally, the TiO2
substrate leads to layered structures of ionic species close to its surface, but such ordering does not seem to promote
prenucleation, which poses a need for the new design of substrates that are more compatible with PbI6

4−-based early nuclei.

1. INTRODUCTION

Hybrid organometal halide perovskites (ABX3) are double
rock-salt structured ionic crystals composed of A+ (organic),
B2+ (metallic), and X− (halide) ions, which allow integration of
useful organic and inorganic characteristics within a single
molecular-scale crystal, enabling unique electronic, thermal, and
optical properties. ABX3 semiconductors, such as the
prototypical methylammonium lead triiodide (CH3NH3PbI3
or MAPbI3), have emerged as a promising class of multifunc-
tional materials for a wide range of applications, such as
photovoltaic (PV) solar cells, thermoelectric generators, and
light-emitting diodes (LEDs).1,2−5 These semiconductors have
attracted increasing attention due to their scalable, low-
temperature synthesis processes, small electron bandgaps,
high light absorptivity, low thermal conductivity, and high
carrier mobility.3,6,7 The reported power conversion efficiency
(PCE) of hybrid perovskite solar cells (PSCs) has significantly
increased from around 12% to more than 20% in the past 4

years,8−14 the highest values among emerging solar cells.15 Very
high PCEs have been achieved in planar-structured PSCs with
stacked thin films of MAPbI3 on a TiO2 substrate,

16,17 where
the wide-bandgap TiO2 semiconductor18,19 serves as an
electron transporter. Together with the high open-circuit
voltage and steep absorption edge, as well as high transparency
for wide-range optical wavelengths >825 nm,20 hybrid perov-
skite materials are viewed as competitive candidates for
fabricating tandem cells with a potential PCE of over 30%.21

Over the past few years, planar-structured heterojunctions
with a simple configuration have gradually become a preferred
structure to choose for fabricating PSCs.22−24 Considering the
intimate structure−property-performance relationship in PSCs,
high-quality perovskite films are essential to make efficient
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planar PSCs. Motivated by the above need, various techniques,
such as physical vapor deposition (PVD),22 solution engineer-
ing,11,25 vapor-assisted solution deposition,8 and sequential
deposition,14,26 have been explored to improve the various
aspects of film quality, including uniformity, smoothness, and
surface coverage. Lacking proper solvents, conventional
solution-based methodologies with fast reaction between
inorganic and organic species often result in perovskite films
with incomplete coverage and unavoidable defects, such as
pinholes. Furthermore, many research works demonstrated that
novel solution-processing approaches could achieve improved
films but with limited reproducibility.
On the other hand, vapor-based chemical deposition

methods have been well-developed and extensively applied in
thin-film solar cells (e.g., α-Si, graphene, and C60),

27,28 organic
light-emitting diode (OLED),29 and liquid-crystal display
industries. Dual-source vacuum evaporation has been proven
to be competitive for the fabrication of planar-heterojunction
PSCs by generating uniform and dense perovskite films and by
optimizing the device’s electronic transport properties via well-
controlled composition. Luo et al.23 reported another popular
PVD technique employing MAI vapor being deposited into
PbI2 films, where the low-rate gas−solid reaction is similar to
vapor-assisted deposition,8 and they achieved a long electron
diffusion length of 240 nm. Very recently, vacuum evaporation
was also involved in the fabrication of a MAPbI3/silicon tandem
cell, delivering an exciting PCE of up to 21.2% by Werner et
al.30 Notably, during MAPbI3 fabrications using the sequential
deposition method, it was reported that the fast crystallization
of PbI2 would cause incomplete MAI-PbI2 mixing, and
consequently, the generated PbI2 crystals with different sizes
would result in an uncontrolled perovskite film morphology,
which will deteriorate the reproducibility of PSCs.14 Many
researchers have also reported that adding more MAI salts
could resist the generation of fast-forming edge-sharing
octahedra typically observed in PbI2 crystals. Snaith et al.22

further noted that in their vapor deposition experiments, the
optimal ionic precursor composition (i.e., the PbCl2/MAI
molar ratio) increases from 1:3.5 to 1:4, when the
corresponding thickness of the deposited thin film increases
from 125 to 330 nm.
Although extensive experimental studies have been carried

out on PSCs, atomistic-level structures of hybrid perovskite
nuclei and the perovskite−substrate interface during vapor
deposition has yet been unexplored due to the lack of nanoscale
theoretical and computational studies. Although first-principle
density functional theory (DFT) calculations have been used
extensively to study the electronic and optical properties of
hybrid perovskites, simulations of the perovskite nucleation
process require larger systems and faster algorithms. With the
above in mind, we use classical molecular dynamics (MD)
simulations to study the prenucleation steps of MAPbI3 during
the PVD process on a TiO2 substrate under three controlled
temperatures (300, 413, and 526 K) and three ionic precursor
compositions (salt molar ratio PbI2/MAI = 1:2, 1:1, and 2:1,
with the total number of salt molecules fixed). After identifying
the structural fingerprints of pristine MAPbI3 crystal using
radial distribution function, we investigated the structural
stability of MAPbI3 at the [MAI]0/TiO2 and [PbI2]

0/TiO2
interfaces under different temperatures. We further categorize
various PbIx polyhedra, well-connected PbIx clusters, and early
MAPbI3 nuclei structures upon PVD, and finally, investigate
their strong dependence on precursor composition. Finally, we

discuss the impact from the TiO2 substrate to the distributions
of various ionic species and the formation of efficient early
MAPbI3 nuclei.

2. COMPUTATIONAL METHODS
All the MD simulations were carried out using the open-source
LAMMPS31 software package. The crystal structure of MAPbI3 is
shown in Figure S1a. The classical model potential for hybrid
perovskites (named MYP) force field32 is used to describe the
complicated organometallic structure and interactions of MAPbI3. The
MYP force field was recently developed by Mattoni et al., which can
nicely reproduce the temperature-dependent structural, dynamical, and
physical properties of MAPbI3, including phase diagram,

32 point-defect
diffusivity,33 atomic vibrations and phonon modes,34 phonon transport
and thermal conductivity,35,36 electro- and mechanocaloric effects,37

and solid fracture mechanics.38 Details about the MYP force field are
reported in ref 32. We choose the most stable anatase (101) TiO2
surface39 as the substrate for the PVD process and use the Matsui-
Akaogi force field40 to describe the interactions within TiO2. Previous
studies41 have proved that this force field is able to reproduce the
mechanical and structural properties of different types of TiO2 crystals.

In summary, pairwise interactions between (Pb,I)-(Pb,I), (Pb,I)-
(C,N), and (Ti,O)-(Ti,O) are described by Buckingham and
Coulombic potentials, while Lennard−Jones (LJ) and Coulombic
potentials are employed to define all the others. Specifically, the LJ
parameters for the atoms in MA+ (CH3NH3

+) cations are given by the
AMBER42 force field, while those for other atoms (Pb, I, Ti, and O)
are listed in Table S1, based on refs 40 and 43−45. Note that the self-
interacting LJ parameters for Pb and I are only used to derive the
cross-term LJ parameters between (Pb,I)-(Ti,O) using the geometric-
mean combining rule. Long-range electrostatic interactions are treated
here using the particle mesh Ewald (PME) summation method.46,47

The same cutoff distance of 1 nm is used for all short-range
(Buckingham and LJ) and long-range (Coulombic) interactions.
Periodic boundary conditions in all three dimensions and a timestep of
1 fs are applied in all the simulations.

To study the general mechanism of MAPbI3 nucleation during the
PVD, three model systems are investigated in this work. In the first
model system, a pristine bulk MAPbI3 crystal is built in a simulation
box dimension of ∼4.4 × 5.1 × 5.1 nm3 (see Figure S1a for the initial
configuration) to provide a baseline for the following structural
comparison. In the second model system, we aim to study the
structural stability of the two relatively stable, charge-neutral [MAI]0-
and [PbI2]

0-terminated surfaces of MAPbI3 interfacing with the
anatase (101) TiO2 surface (see Figure S1b for the initial
configuration). A 2 nm-thick TiO2 film is added in the second
model system to interact with a MAPbI3 crystal that is based on the
same model used in the first model system, which results in a
simulation box size of ∼4.5 × 5.2 × 7.4 nm3. After energy
minimization, both first and second model systems are simulated
under the NPT ensemble with an isotropic pressure of 1 bar (∼
atmospheric pressure) and different temperatures (300, 413, and 516
K) for 20 ns using the Nose−́Hoover thermostat and barostat.48,49

MD trajectories of the first model system during the last 10 ns is
collected every 500 ps for data analysis, while those of the second
model system during the last 5 ns are collected every 100 ps for data
analysis.

As shown in Figure S1c, the third model system is used to simulate
the PVD process, and PbI2 and MAI salts are randomly inserted into a
1 nm thick lateral region, which is 3.5 nm above the top surface of the
TiO2 substrate with the same size as in the second model system. The
size of the third model system is ∼4.5 × 5.2 × 12.0 nm3. To
understand the dependence of MAPbI3 nuclei formation during the
PVD process on both temperature and ionic precursor composition,
we studied three representative temperatures (300, 413, and 526 K)
and precursor compositions for PbI2/MAI (= 1:2, 1:1, and 2:1).
Although Snaith et al.22 water-cooled the substrate to 21 °C, we expect
that the substrate−vapor interface would exhibit higher temperatures
(such as 413 and 526 K studied here) due to convective and radiative
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heat transfers at the interface under thermal equilibrium. In addition,
within typical short time scale MD simulations (in tens of ns), the
ionic species from the vapor would not be cooled down fast enough
when they are in contact with the low temperature substrate, primarily
due to limited thermal conductivity at the substrate−vapor interface
within such a short time scale.
In all the PVD MD simulations, we deposited a fixed total number

of 504 PbI2 and MAI precursors (salt molecules) into the system. Four
precursors are deposited every 100 ps during the PVD process. Note
that this high frequency of deposition may lead to the clustering of
amorphous MAPbI3 far away from TiO2, so an acceleration of 2.3 ×
10−2 (nm/ps2) along the −z direction is constantly applied to each
precursor atom to enhance direct contacts between MAPbI3 and TiO2.
After the PVD process and energy minimization, the third model
system is equilibrated under the NPxyT ensemble with a pressure of 1
bar controlled only along the x and y directions. The precursor PVD
process lasts for 12.6 ns, and the equilibration lasts for another 40 ns
to investigate early nucleus formation. For the third model system,
MD trajectories during the last 20 ns are collected every 100 ps for
further data analysis.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure Fingerprints of Pristine Bulk
Perovskites. Molecular dynamics of organic MA+ cations in
bulk MAPbI3, in particular, their rotational motions, are
reported to highly depend on temperatures, crystal phases,
and the atomic structure of the surrounding inorganic Pb−I
framework (see Figure S1a).50−52 Therefore, we focused on the
Pb−I framework as the structure fingerprint of bulk MAPbI3
and calculated the radial distribution functions (RDFs) of the
Pb−I frameworks at different temperatures. As shown in Figure
1a, each Pb atom is surrounded by six first nearest-neighbor I
atoms, which form a Pb-centered octahedron, marked as the
PbI6

4− octahedron. As shown in Figure 1a,b, each Pb atom is

also surrounded by 8 second nearest-neighbor MA+ cations and
6 third nearest-neighbor Pb atoms.
The calculated pairwise Pb−Pb, Pb−I, and I−I RDFs at 300,

413, and 526 K are shown in Figure 1c. As the temperature
increases, all the peaks in the RDF curves get slightly lowered
and broadened, while their locations stay the same. The peak
observed at 3.1 Å (line 3) in the Pb−I RDF features the first
nearest-neighbor I atoms around Pb, while a cutoff distance of
3.8 Å (line 4) where the RDF becomes zero could be used for
counting these I neighbors and plot the PbIx polyhedra (or Pb
neighbors if the I atom is the reference). The peak observed at
4.4 Å in the I−I RDF features the first nearest-neighbor I atoms
around I (corresponding to the edge length of the PbIx
polyhedra), while a cutoff distance of 5.0 Å could be used for
counting these I neighbors. The peak observed at 6.2 Å (line 1)
in the Pb−Pb RDF features the first nearest-neighbor Pb atoms
around Pb, while a cutoff distance of 7.0 Å (line 2) could be
used for counting these Pb neighbors. According to these
values, the ionic Pb−I bonds are the shortest and the strongest
among all these types of pairwise interactions, from which we
can conclude that the ionic Pb−I bond are the easiest-forming
structure during the crystallization processes of MAPbI3. On
the other hand, the ionic Pb−Pb bonds are the longest among
first nearest-neighbors, which suggests that they need to
overcome some energy barriers to form the first nearest-
neighbor Pb−Pb structural pairs. Such Pb−Pb structural pairs
finally lead to the clustering of two or more neighboring PbI6

4−

octahedra, as shown in Figure 1d.
As shown in Figure 1c, we also observe that the second peak

in the I−I RDF is located at ∼6.2 Å (line 1), the same as the
first peak in the Pb−Pb RDF but relatively broader, featuring
not only the formation of PbI6

4− octahedra, but also the

Figure 1. MD simulation snapshots of the detailed atomic structures of the octahedral PbI6
4− framework with the surrounding: (a) 8 MA+ and (b) 6

Pb2+ ions. (c) Simulated radial distribution functions (RDFs) for the Pb−Pb, Pb−I, and I−I pairs in a pristine bulk MAPbI3 crystal. The four vertical
lines (1-4) denote characteristic pair separation distances at r = 3.1, 3.8, 6.2, and 7.0 Å. (d) Lattice constant and structure of a PbI6

4− octahedron.
Two PbI6

4− octahedra connect to each other by sharing one common I ion in a corner-sharing fashion. Color code: Pb − tan, I − pink, N − navy
blue, C − light blue, H − white.
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clustering among them. The second peak in the Pb−I RDF,
which is more obvious than the second peak in the I−I RDF, is
located closely to the first peak in the Pb−Pb RDF, reflecting
the clustering of the neighboring PbI6

4− octahedra. In general,
both I−I and Pb−I RDFs exhibit primary peaks that are higher
and sharper than the other ones, suggesting that the first
nearest-neighbor I−I and Pb−I structural pairs are much more
ordered and easier-forming than the others. Interestingly, the
first peak in the Pb−Pb RDF is as high as the second one
located at ∼8.9 Å, which characterizes the formation of
unconnected PbI6

4− octahedra along the diagonal of a cubic
lattice of 8 PbI6

4− octahedra. This suggests that, although
adjacent corner-sharing octahedra are easy to form, the
unconnected diagonal octahedra are almost as important as
the connected corner-sharing ones in building the perovskite
structure. On the basis of the above analysis, we can conclude
that not only the second peaks in the I−I and Pb−I RDFs, but
also the first and second peaks in the Pb−Pb RDF, play
important roles (as fingerprints) in identifying structural
features (such as early nuclei which we are interested in
here) of a pristine bulk MAPbI3 crystal.
3.2. Crystal Structure Evolution at the Perovskite−

TiO2 Interface. On the basis of its z-axis thickness in the
perovskite−TiO2 model system, the bulk MAPbI3 crystal is
divided into the bottom (z = 21−35 Å), middle (z = 40−54 Å),
and top (z = 60−74 Å) layers (see Figure S2). Two relatively
stable, charge-neutral free surfaces belonging to the bottom
([PbI2]

0) and top ([MAI]0) layers of MAPbI3 are exposed to
the (101) facets of the anatase TiO2 slab, which produces two
interfaces, as marked by TiO2/[PbI2]

0 and TiO2/[MAI]0. To
characterize the MAPbI3 structures at these two interfaces, we
show the normalized Pb−Pb, Pb−I, and I−I RDFs in Figure 2
for the three layers at 300, 413, and 526 K. As shown in Figure
2b, the middle layer exhibits almost identical RDF patterns as
those for the pristine bulk MAPbI3 in Figure 1c, mainly due to

the minor impact from the long-range interactions between
them and the TiO2 slab.
On the other hand, as shown from the RDFs in Figure 2a,

the top MAPbI3 layer (with the TiO2/[MAI]0 interface)
exhibits structural features similar to those in the middle layer,
which suggests that the [MAI]0 surface is relative stable against
TiO2 at the temperatures considered. However, the top layer
RDF peaks are slightly broadened compared to those in the
middle layer, in particular for the Pb−Pb RDF. This finding is
consistent with the observed defective region at the TiO2/
[MAI]0 interface with a small gap between PbI6

4− octahedra
along the y-axis in the top layer (see Figure 3a ,b). The
formation of this small gap is possibly due to the interactions
between the [MAI]0 layer and the TiO2 slab, especially the
electrostatic attractions between the I and Ti atoms at this
interface.
Furthermore, we find that there are significant anisotropic

lattice mismatches of = = =
− −f 63%x

a a

a
6.2 Å 3.8 Å

3.8 Å
MAPbI3 TiO2

TiO2

and = = =
− −f 31%y

c a

c
9.5 Å 6.2 Å

9.5 Å
TiO2 MAPbI3

TiO2
along the x and y-

axis at the TiO2/[MAI]0 interface (see Figure 3b), respectively,
without considering any potential crystallographic rotations or
coincidence lattice mismatch. To estimate the theoretical lattice
mismatch, we used the lattice constants for cubic MAPbI3
(aMAPbI3 = 6.2 Å, see Figure 1d) and tetragonal anatase (101)

TiO2 surface (aTiO2
= 3.8 Å and cTiO2

= 9.5 Å, see Figure S3),

both determined from MD-simulated crystal structures at
equilibrium. Such lattice mismatches could be reduced through
edge dislocations in MAPbI3 with one less or one extra lattice
plane when one considers coincidence site lattices, e.g., with
one less MAPbI3 lattice plane every three TiO2 lattices along

the x-axis: = = =
× − ×

×
× − ×

×f 9%x

a a

a

2 3

3
2 6.2 Å 3 3.8 Å

3 3.8 Å
MAPbI3 TiO2

TiO2
,

Figure 2. Normalized Pb−Pb (left), Pb−I (middle), and I−I (right) RDFs of the (a) top, (b) middle, and (c) bottom layer of a MAPbI3 crystal
interfacing with a TiO2 substrate at 300, 413, and 526 K. The same vertical lines (1-4) shown in Figure 1c are also plotted here.
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while with one extra MAPbI3 lattice plane every two TiO2
l a t t i c e s a l o n g t h e y - a x i s :

= = =
× − ×

×
× − ×

×f 2%y

c a

c

2 3

2
2 9.5 Å 3 6.2 Å

2 9.5 Å
TiO2 MAPbI3

TiO2
. Howeve r ,

since the electrostatic attractions between I and Ti atoms are
not very strong (e.g., compared to those between Pb and O
atoms), such lattice mismatch can be easily accommodated by
the small gap discussed above, as well as by the slight tilting and
distortion of the PbI6

4− octahedra.
On the other hand, Figure 2c shows that the RDFs in the

bottom MAPbI3 layer (near the TiO2/[PbI2]
0 interface) are

significantly different from those in the top and middle layers.
All the peaks in bottom layer RDFs, except for the first peak in
the Pb−I RDF, are much broadened and lowered compared to
the other layers. This reflects the defective structural nature of
the [PbI2]

0 surface at the three controlled temperatures. Some
peaks are even unrecognizable, suggesting that many defects are
formed at the TiO2/[PbI2]

0 interface. In addition, the shape
changes of four typical fingerprinting RDF peaks, which are
essential for identifying the crystal structure of MAPbI3 as
discussed earlier, are observed to be more significant at 526 K
than the other two temperatures due to thermal fluctuation. For
example, the second peak in the I−I RDF is merged into the
first peak as a shoulder at 526 K, but just with a reduced height
at 300 or 413 K; the second peaks in the Pb−I and Pb−Pb
RDFs are also much more broadened and lowered at 526 K;
the locations of the first peaks in the Pb−Pb RDFs are all red-
shifted and reduced by up to 0.7 Å at 526 K.
On the basis of the above RDF analysis, we can conclude that

the configuration of individual PbI6
4− octahedra, as well as the

cluster connections between the adjacent and diagonal
octahedra at the TiO2/[PbI2]

0 interface, are significantly
disordered. The MD snapshots from both the top and side

views of a defective region in the bottom layer verify this (see
Figure 3c,d). It is shown that the [PbI2]

0 surface is destroyed so
badly that even some MA+ cations can move toward TiO2 and
reach the TiO2/[PbI2]

0 interface. Interestingly, most of the
surface Pb atoms at the TiO2/[PbI2]

0 interface are constrained
(and pulled away from their original locations in pristine
MAPbI3) to lattice locations close to the neighboring surface O
atoms in TiO2 due to strong electrostatic attractions. Two
typical locations are shown in Figure 3e, where the Pb atom sits
on the top of one neighboring surface O atom (marked as type
I) or on the top of the midpoint between two neighboring
surface O atoms (marked as type II). Therefore, we can
conclude that the significant deformation of the [PbI2]

0 surface
is ascribed to the strong electrostatic attractions between Pb
and O atoms at the [PbI2]

0/TiO2 interface. Because of the
significant lattice mismatch, the strong electrostatic interactions
lead to rearrangements of the Pb atoms to match the TiO2
lattice, and eventually, the notable defects at the TiO2/[PbI2]

0

interface. In particular, such interactions could involve very
strong electrostatic attractions between the Pb atoms on the
[PbI2]

0 surface and the surface O atoms from (101) anatase
TiO2. Therefore, we expect that the disordering of interfacial
Pb atoms will affect the crystallization process of MAPbI3 on
the (101) anatase TiO2 substrate under various synthesis
environmental conditions.

3.3. Strong Precursor Composition-Dependent Pre-
Nucleation. To understand the mechanisms behind the
nucleus formation during the fabrication of hybrid perovskite
films, we study the PVD process using a model system with
PbI2 and MAI precursor salts depositing onto a TiO2 substrate
(see Figure S1c) under three controlled temperatures (300,
413, and 526 K) and three precursor compositions (PbI2/MAI
= 1:2, 1:1, and 2:1, with the total number of salt molecules
fixed). Considering that RDFs are not able to include bond
orientation structures for a complex perovskite crystal, the
nucleation processes under the above conditions are quantified
by our in-house code using the Tool Command Language
(Tcl) embedded in VMD.53 To accurately identify and count
early MAPbI3 nuclei, we probe the atomic arrangements around
each Pb atom, including the inorganic Pb−I framework
composed of a connected network of PbI6

4− octahedra as in
bulk MAPbI3, as well as the distribution of neighboring MA+

cations. As shown in Figure 1a,b, each PbI6
4− octahedron is

surrounded by six first nearest-neighbor Pb atoms and eight
first nearest-neighbor MA+ cations. From the earlier RDF
results in Figure 1c, the cutoff distance of the first nearest-
neighbor Pb−I pairs in pristine bulk MAPbI3 at 300 K is 3.7 Å,
while it increases to 3.8 Å at 526 K due to thermal fluctuations.
Similarly, the cutoff distance between adjacent PbI6

4−

octahedra, characterized by the first nearest-neighbor Pb−Pb
structural pairs, is increased from 6.8 to 7.0 Å from 300 to 526
K due to thermal fluctuation. As shown in Figure S4, the cutoff
distances of the first nearest-neighbor Pb−C and Pb−N
structural pairs are increased to 6.6 and 6.8 Å, respectively,
from 300 to 526 K. Here we employ the upper-bound cutoff
distance values determined at 526 K to identify and quantify
the populations of early nuclei after simulating the PVD process
under each condition.
Interestingly, in addition to the typical full PbI6

4− octahedra
(see Figure 1d and Figure 4c) observed in a pristine bulk
MAPbI3 crystal, large amounts of under-coordinated PbIx
polyhedra, that is, the PbI4

2− tetrahedra (see Figure 4a) and
the PbI5

3− pyramids (see Figure 4b), are also observed after the

Figure 3. (a) Top and (b) side views of a defective region (showing
Pb and I atoms with z > 63 Å, and MA+ ions with z > 67 Å) in the top
layer of the equilibrated MAPbI3 crystal interfacing with a TiO2
substrate at 526 K. Top (c) and side (d) views of a defective region
(z < 24 Å) in the bottom layer of the equilibrated MAPbI3 crystal
interfacing with a TiO2 substrate at 526 K. (e) Top view of two typical
locations for the Pb atom sitting on the top of one neighboring surface
O atom (marked as type I) or on the top of the midpoint between two
neighboring surface O atoms (marked as type II). Color code: Ti −
yellow, O − red, Pb − tan, I − pink, N − navy blue, C − light blue, H
− white.
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PVD process. Furthermore, complicated arrangements of these
three types of PbIx polyhedra are observed from the simulated
trajectories, such as (i) Pb−Pb pairs formed via edge sharing of
two I atoms, similar to those in a typical PbI2 crystal
(considered as unfavorable PbI2-type polyhedra for a perovskite
structure, see Figure 4d) and (ii) Pb−Pb pairs formed via
corner sharing of one I atom (considered as potentially well-
connected PbIx polyhedra for a perovskite structure, see Figure
4e,f). This makes it very challenging to study the structural
characteristics of the deposited films and to further identify and
distinguish different early MAPbI3 nuclei. Indeed, using basic
criteria from the distances and coordination numbers
previously discussed is not accurate anymore to identify early
nuclei. For example, the distances of the Pb−Pb pair between
two adjacent corner-sharing PbI6

4− octahedra in a MAPbI3
crystal and the Pb−Pb pair between two adjacent edge-sharing
PbI6

4− octahedra in a typical PbI2 crystal are very close to each
other and difficult to differentiate, reflected from the obvious
broadening of the first peaks in the Pb−Pb RDFs in Figure 2c.
Accordingly, by taking the relative arrangements of adjacent
PbIx polyhedra into consideration as extra criteria, we classify
these complex structures into three typical types of arrange-
ments, as defined in Figure 4d−f.

To classify the arrangements of adjacent PbIx polyhedra into
different types, we define the α angle, which is the vertex angle
between two vectors connecting a Pb atom with two adjacent
Pb atoms in PbIx polyhedra. As shown in Figure 4g−i, we then
define triangular PbIx clusters with 45° < α < 75° and squared
PbIx clusters with 75° < α < 120° or 150° < α < 180°. It should
be noted that, as shown in Figure 4h,i, the α angles largely vary
due to thermal fluctuation, especially when one Pb atom is
missing on the vertices of a squared lattice. We first define the
early MAPbI3 nuclei as PbIx clusters with well-connected PbIx
polyhedra without considering the distribution of the
neighboring MA+ cations. After analyzing MD trajectories
after deposition, we define a Pb-centered PbI4

2− tetrahedron as
an early nucleus when this PbI4

2− tetrahedron and its
neighboring connected polyhedra form: (i) at least one
corner-sharing squared cluster, (ii) no more than one PbI2-
type cluster, (iii) no triangular cluster, and (iv) no I atom
shared by three polyhedra. Similarly, we define a Pb-centered
PbI5

3− pyramid as an early nucleus when this PbI5
3− pyramid

and its neighboring connected polyhedra form: (i) without any
PbI2-type cluster (or if there is one PbI2-type cluster present,
then there needs to be at least two corner-sharing clusters, in
which at least one of them must belong to a squared cluster),
(ii) no more than two triangular clusters, and (iii) no more

Figure 4. (a−c) Structures and definitions of three dominant PbIx polyhedra during nucleation after vapor depositions: the PbI4
2− tetrahedron, the

PbI5
3− pyramid, and the PbI6

4− octahedron. The Pb atom is located at the center of each polyhedron. (d−f) Three typical arrangements of two
adjacent polyhedra (within 7.0 Å of each other). In (d), two adjacent PbIx polyhedra share two I atoms (edge-sharing) to form a PbI2-type cluster. In
(e), adjacent PbIx polyhedra share only one I atom (corner-sharing) between each other, with three I atoms form vertices of a triangle to form a
triangular cluster. (f) is similar to (e), but with the PbIx polyhedra arranged into a squared lattice to form a squared cluster. In (g), a cluster built on
both edge-sharing and corner-sharing PbIx polyhedra with one I atom shared by three polyhedra. (h−j) Snapshots of three typical arrangements of
PbIx (x = 4, 5, and 6) polyhedra with critical vertex angles of (h) 75°, (i) 120°, and (j) 150° for a squared lattice. The PbI6

4− octahedra are shown
here as an example. (k−n) Four typical structures of the polyhedra considering the distribution of surrounding MA+ cations and Pb-centered
polyhedra (without showing I atoms on their vertices) for defining an early MAPbI3 nucleus. The same color code used in Figure 3 is applied here.
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than one I atom shared by three polyhedra. Finally, we define a
Pb-centered PbI6

4− octahedron as an early nucleus when this
PbI6

4− octahedron and its neighboring connected polyhedra
form the same structure as that for defining a PbI5

3− pyramid-
based early nucleus. Many badly connected clusters are
excluded from these criteria, as shown in Figure S5 for
PbI6

4− octahedra-based clusters.
In Figure 5a,b, we report the time-averaged populations of

Pb atoms (in percentage, normalized by the total number of Pb
atoms in the system) in PbIx (x = 3, 4, and 5) polyhedra and
well-connected PbIx polyhedra clusters as early MAPbI3 nuclei,
respectively, after vapor deposition processes under various
conditions. Figure 5a is obtained using a cutoff distance of 3.8 Å
(the maximum Pb−I bond length at 526 K) between central Pb
atoms and surrounding I atoms. We find that the PbI5

3−

pyramids account for over 52% of the Pb atoms under all the
conditions, revealing that the PbI5

3− pyramids are dominant
and easier to form than other types of polyhedra, which could
be a very competitive candidate to convert into PbI6

4−

octahedra upon further crystallization. Moreover, the PbI4
2−

tetrahedra account for at least 24% of the Pb atoms, more than

that of the PbI6
4− octahedra, partly because the upper region of

the deposited film is not as dense as other regions in the
systems. Notably, higher temperatures seem to help the
formation of PbI6

4− octahedra under all defined compositions,
possibly due to the accelerated nucleation kinetics via faster ion
diffusions.54 In accordance, we find that less PbI4

2− tetrahedra
are generated with increasing temperature. However, the
influences from temperature seem to be weaker on the
populations of PbI5

3− pyramids, where an obvious upward
trend with increasing temperature is observed only at a
precursor composition of PbI2/MAI = 1:2.
On the other hand, in Figure 5b, the populations of well-

connected PbIx clusters (as early MAPbI3 nuclei) depend more
on the precursor composition than the PbIx polyhedra in Figure
5a. Furthermore, after considering the above connectivity
criteria, polyhedra-based PbIx clusters exhibit much a lower
population than those for PbIx polyhedra under all temperature
and precursor composition conditions. Specifically, under a
composition of PbI2/MAI = 2:1, the populations of the PbIx
clusters are generally decreased (by over 14%, and in particular,
up to 42% for the PbI5

3− pyramids, both in absolute values),

Figure 5. (a) Time-averaged populations of Pb atoms centered in three dominant PbIx polyhedra under different precursor (MAI and PbI2 salts)
compositions and temperatures. The population is analyzed based on the structures shown in Figure 4a−c. (b) Time-averaged populations of Pb
atoms centered in the three dominant well-connected PbIx polyhedral clusters considering the Pb−I framework only. The corresponding population
is analyzed based on the cluster structures shown in Figure 4d−f. (c) Time-averaged distributions of MA+ cations within 6.6 (for Pb−C pairs) or 6.8
Å (for Pb−N pairs) around the Pb atoms in three dominant types of well-connected PbIx polyhedral clusters as in (b), averaged over different
precursor compositions (top) and temperatures (bottom). (d) Time-averaged populations of Pb atoms centered in efficient early MAPbI3 nuclei,
considering surrounding MA+ distributions around PbIx polyhedral clusters in (b). The population is analyzed based on the structures shown in
Figure 4j−m. All the error bars represent the standard deviations of the time-averaged data.
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suggesting that only few PbIx polyhedra meet these
connectivity criteria to become early MAPbI3 nuclei. Mean-
while, the decreases in the populations of the PbI5

3− pyramids
and PbI6

4− octahedra in PbIx clusters under a composition of
PbI2/MAI = 1:1 are much higher than those under PbI2/MAI =
1:2, vice versa for the PbI4

2− tetrahedra in PbIx clusters. In
general, despite such a decrease, the population of the PbI5

3−

pyramids in PbIx clusters is even more dominant and higher
than the sum of the other two polyhedra in PbIx clusters.
However, unlike populations of individual polyhedra in Figure
5a, the population of PbI4

2− tetrahedra in PbIx clusters is less
than that of PbI6

4− octahedra in PbIx clusters at 413 and 526 K
under compositions of PbI2/MAI = 1:2, while the similar trend
only exists at 526 K under compositions of PbI2/MAI = 1:1.
Notably, a downward trend is observed in the populations of
PbI5

3− pyramids in PbIx clusters when increasing the temper-
ature or the composition of PbI2/MAI.
Finally, we account for the distributions of the MA+ cations

around the above three types of well-connected PbIx polyhedral
clusters to understand how MAPbI3 prenucleation depends on
precursor composition and temperature. We calculated and
compared the number of MA+ cations around Pb atoms (see
Figure S6) within a cutoff distance of 6.6 Å (for Pb−C pairs) or
6.8 Å (for Pb−N pairs), based on the corresponding RDFs
shown in Figure S4 under different precursor compositions and

temperatures. As shown in Figure 5c, the distributions are
averaged over different compositions and temperatures, which
exhibit a maximum probability to have 5−7 MA+ cations
around a Pb atom. On the basis of this distribution, we define
PbIx polyhedral clusters with more than five MA+ cations
around them as efficient early MAPbI3 nuclei and report the
time-averaged distributions of Pb atoms belonging to these
efficient early nuclei in Figure 5d. The identified efficient early
MAPbI3 nuclei, defined by well-connected PbIx polyhedral
clusters (with more corner-sharing lattices as potential nuclei
formers) and sufficient neighboring MA+ cations, are illustrated
in Figure 6 under various temperatures and precursor
compositions. The simulated systems are confirmed to reach
kinetic equilibrium by monitoring the time-evolution of the
above distributions in Figure S7.
As shown in Figure 5d, the normalized populations of the

PbIx polyhedra in efficient early MAPbI3 nuclei decrease rapidly
with increasing the precursor composition PbI2/MAI at all the
temperatures, suggesting potential improvements of the film
quality and crystal structure upon depositing more MAI salts
into the system. This finding is in good agreement with the
experimental observation by Snaith et al.22 Moreover, we also
notice that with more MA+ cations or MAI salts added, the
identified early nuclei are composed of more squared clusters
(good nucleus formers) and less PbI2-type clusters (bad

Figure 6. MD simulation snapshots of efficient early MAPbI3 nuclei identified (via the typical structures in Figure 4j−m and corresponding to the
populations in Figure 5d) at 40 ns after the vapor deposition processes at three controlled temperatures (300, 413, and 526 K) and three precursor
compositions (PbI2/MAI = 1:2, 1:1, and 2:1, with the total number of salt molecules fixed). Note that amorphous, completely disordered MAPbI3
species (MA+, I−, and Pb2+) that do not belong to the early MAPbI3 nuclei are not shown for clarity.
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nucleus formers), which we believe would further benefit the
formation of efficient Pb−I framework for MAPbI3 crystal-
lization. However, the differences among the populations of Pb
atoms in these efficient early MAPbI3 nuclei at different
temperatures are quite small compared to those under different
precursor compositions. Therefore, we can conclude that the
precursor composition PbI2/MAI plays a more important role
than temperature on the prenucleation of crystalline MAPbI3
using the PVD method. In general, the intermediate temper-
ature of 413 K leads to the most amount of efficient early
MAPbI3 nuclei with a precursor composition PbI2/MAI = 1:1,
while temperatures of 526 and 300 K lead to the largest amount
of efficient early MAPbI3 nuclei under precursor compositions
of PbI2/MAI = 1:2 and 2:1, respectively. Similar to the
populations of PbI5

3− pyramids and PbI5
3−-centered clusters in

Figure 5a,b, PbI5
3− pyramids in early MAPbI3 nuclei are also

dominant under all the conditions, suggesting that the PbI5
3−

pyramids are not only the easiest to form, but also the easiest to
build early nuclei around them during the early stage of
crystallization, which could be very competitive to evolve into
PbI6

4− octahedra upon further crystallization. In addition,
although the population of PbI4

2− tetrahedra is higher than that
of PbI6

4− octahedra (see Figure 5a), the former is less than the
later in the identified early nuclei (see Figure 5d), since a
smaller amount of MA+ cations tends to surround the PbI4

2−

tetrahedra, especially under compositions of PbI2/MAI = 1:1
and 1:2 (see Figure S6).
On the other hand, as shown in Figure 5d, the differences

among the populations of Pb atoms in efficient early MAPbI3
nuclei at different temperatures are quite small compared to
those under different precursor compositions, suggesting their
weaker influence on nucleus formation of crystalline MAPbI3
by the PVD method. Under the composition of PbI2/MAI =
1:2, the population of PbI6

4− octahedra in early nuclei gradually
increases with elevating temperature, while the populations of
the other two polyhedra in early nuclei do not exhibit any clear
trend. This implies that under this composition, the deposited
film at the higher 526 K has a relatively better quality in terms
of the PbI6

4− octahedra. However, under the composition of
PbI2/MAI = 2:1, the higher temperature of 526 K seems to
impede the generation of efficient early MAPbI3 nuclei, possibly
due to thermally activated Pb diffusions which could enhance
the formation of edge-sharing PbI6

4− octahedra (typical in a
PbI2 crystal) with fewer MA+ cations around them. For
example, the population of the early nuclei at 526 K is over 2%
(in absolute value) or 26% (in relative value) less than those at
300 and 413 K.
Finally, in Figures S8 and S9 we report the impacts from the

TiO2 substrate on the distributions of ionic species, including
Pb2+, I−, and MA+, as well as the Pb atoms in efficient early
MAPbI3 nuclei after the vapor deposition processes. We find
that the TiO2 substrate can promote ordering of layered ionic
structures close to its surface; however, it does not significantly
promote the prenucleation of MAPbI3. On one hand, those
ionic species accumulate at the TiO2 surface and exhibit an
ordered layer-by-layer structure very close to the TiO2 surface
(z < 20 Å), where each layer is separated by around 5, 3, and 5
Å for Pb2+, I− and MA+, respectively. This phenomenon is
primarily due to geometrical confinement and strong
absorptions and the combined LJ and electrostatic interactions
between TiO2 and the ionic species. Meanwhile, the ionic and
early nuclei distribution depend only weakly on temperature
and PbI2/MAI composition.

On the other hand, the TiO2 substrate does not significantly
promote the interface-originated prenucleation of MAPbI3, but
still seems to contribute to the formation of more PbI5

3−-based
early nuclei under the composition of PbI2/MAI = 1:2. This is
probably due to the stronger electrostatic attractions between
Pb atoms which are more exposed in a PbI5

3− pyramid
structure (while they are enveloped by neighboring I atoms in
tetragonal PbI4

2− and octahedral PbI6
4− structures) and surface

O atoms of TiO2. This could lead to the formation of more
PbI5

3− pyramids on the TiO2 surface (see Figure 6a) and
therefore, higher populations of PbI5

3−-based early nuclei close
to that surface.

4. CONCLUSIONS
In summary, we reported a systematic MD simulation study of
ionic precursor composition and temperature-dependent
prenucleation and interfacial mismatch during vapor deposition
of hybrid perovskite MAPbI3 on a TiO2 substrate. Despite
significant anisotropic lattice mismatches at the MAPbI3−TiO2
interface, the intermediate electrostatic attractions between I
and Ti atoms lead to small gap formation and distortion of
PbI6

4− octahedra at the TiO2/[MAI]0 interface. On the other
hand, very strong electrostatic attractions between Pb and O
atoms lead to significant rearrangements of the Pb atoms and
defect formation at the TiO2/[PbI2]

0 interface. According to
our PVD simulations, three dominant polyhedral building
blocks of early MAPbI3 nuclei exist in the deposited films under
all of the above conditions, including (i) the PbI4

2− tetrahedra,
(ii) PbI5

3− pyramids, and (iii) the characteristic PbI6
4−

octahedra, which better resemble pristine perovskite structures.
Specifically, the PbI5

3− pyramids account for the majority
among all these polyhedra and could be a very good candidate
for converting into the PbI6

4− octahedra upon further
crystallization.
Moreover, very complicated arrangements of these polyhedra

have been observed, which makes it challenging to categorize
MAPbI3 nuclei into different types. We further quantify the
populations of PbIx (x = 4, 5, and 6) polyhedra in well-
connected clusters, also considering the distribution of MA+

cations around them within certain cutoff distances. On the
basis of these measurements, we identify various types of early
MAPbI3 nuclei built upon PbIx and observe strong dependence
of their populations and distributions on the ionic precursor
composition. The populations of efficient early MAPbI3 nuclei
increase rapidly with increasing the MAI composition at all
temperatures, suggesting that potential improvements in film
qualities could be introduced by depositing more MAI salts into
the system. We also found that the impacts from the
temperature on the populations of different early nuclei are
weaker than those from the precursor composition.
Finally, we found that the TiO2 substrate leads to layered

structures of the ionic species close to the TiO2 surface due to
geometrical confinement and stronger adsorptions of these
species from the combined LJ and electrostatic interactions,
rather than the temperature and PbI2/MAI composition.
However, such ordering does not promote the formation of
early MAPbI3 nuclei at the TiO2 surface. But the formation of
more efficient PbI5

3−-based early nuclei under the composition
of PbI2/MAI = 1:2 seems to originate from the stronger
electrostatic attractions between the more exposed Pb atoms in
a pyramid structure and surface O atoms of TiO2.
Other organic cations such as formamidinium (FA+) or

halide anions such as Br− have been involved in the fabrication
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of PSCs with PCEs over 20%,16 suggesting the strong impact
from the molecular nature of the ionic species on nucleation
and film quality. Therefore, future studies would involve these
new ionic components or explore the vapor-assisted solution
methods to investigate fundamental mechanisms behind
perovskite nucleation in more advanced fabrication techniques.
We believe that the MD simulation work presented here will
serve as a guideline for identifying the key prenucleation
clusters during perovskite crystallization, which could be very
useful for explaining experimental observations. The extension
of the nuclei structural model and data analysis protocol here to
other pure or mixed-ion hybrid perovskite systems depends on
their crystal structures and the primary unfavorable polyhedra
structures (e.g., the easily formed but unfavorable PbI2 crystals
during MAPbI3 nucleation might be absent in other perovskite
systems). This work can also serve as a first step (collective-
variable design for order parameters) toward rare-event
sampling techniques for quantifying the free energy of
perovskite crystallization, such as metadynamics,55 umbrella
sampling,56 and Monte Carlo simulations.57

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.cgd.7b00626.

Supporting Figures S1−S9 and Table S1 (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*(L.Z.) Phone: (86) 138 5168 0995. E-mail: zhao_lingling@
seu.edu.cn.
*(S.L.) Phone: (850) 645 0138. E-mail: slin@eng.famu.fsu.edu.
ORCID
Lingling Zhao: 0000-0002-1532-7247
Shangchao Lin: 0000-0002-6810-1380
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
S.L. and M.W. would like to acknowledge startup funding from
the Energy and Materials Initiative from the Florida State
University and funding from the National Science Foundation
(NSF-CBET-1708968). L.Z. and J.W. would like to acknowl-
edge funding from the National Natural Science Foundation of
China (Grant No. 51106027).

■ REFERENCES
(1) Stranks, S. D.; Snaith, H. J. Metal-Halide Perovskites for
Photovoltaic and Light-Emitting Devices. Nat. Nanotechnol. 2015, 10,
391−402.
(2) Green, M. A.; Ho-Baillie, A.; Snaith, H. J. The Emergence of
Perovskite Solar Cells. Nat. Photonics 2014, 8, 506−514.
(3) Gratzel, M. The Light and Shade of Perovskite Solar Cells. Nat.
Mater. 2014, 13, 838−842.
(4) He, Y.; Galli, G. Perovskites for Solar Thermoelectric
Applications: A First Principle Study of Ch3nh3ai3 (a = Pb and Sn).
Chem. Mater. 2014, 26, 5394−5400.
(5) Mettan, X.; Pisoni, R.; Matus, P.; Pisoni, A.; Jacímovic,́ J.; Naf́rad́i,
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