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Methylammonium lead iodide (MAPbL,), used as light-harvesting layer in solar cell devices, has
attracted great attention from scientific community due to its excellent photovoltaic performance.
In this work, we have shown a comprehensive study on the hybrid organic-inorganic MAPbI,
perovskite growth mechanism from irregular small particles to cuboid shape followed by hopper-
type morphology through a systematically change on both the temperature and lead source
concentration during the solution synthesis process. Indeed, we have observed very interesting
hopper growth resulting in a pyramid-hollow like morphology. We have explained the morphology
evolution by taking into account thermodynamics growth, which compete with kinetics growth

under nonequilibrium conditions.
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Introduction

The hybrid organic-inorganic perovskites have attracted
great attention from scientific community due to their unique
electronic and optical properties which brought about
excellent photovoltaic performance.'> Methylammonium
lead iodide (MAPbI,;, where MA = CH,NH;*) has been
the most studied material in this family and has been
widely used as an absorber layer of perovskite solar cells
(PSCs).>* These organic-inorganic hybrid perovskite
compounds adopt the ABX; perovskite structure, which
involves a network of corner-sharing of [BX4]*- octahedra,
where the B atom is a divalent metal cation (typically
Pb" or Sn™) and X is a monovalent anion (typically CI-,
Br or I), with the A monovalent cations (CH;NH;* or
HC(NH,),") occupying 12-fold coordinated holes within
the structure and counterbalancing the charge of the
[BX4]*. The outstanding photovoltaic performance of
such perovskites are due to excellent optical and electronic
properties, including high absorption coefficient,’ direct
and tunable band gap,® low charge recombination rates,
structural phase dependence,” and high charge carrier
mobility.® The power conversion efficiency of PSCs has
increased rapidly, achieving more than 25% in less than a
decade,’ which is much higher than those achieved by other
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emerging thin film solar cell.'® In addition to having high
efficiency, PSCs can be prepared with low cost materials
and techniques, making them extremely interesting for large
scale commercialization.

Many growth methods, such as spin and dip coating,''?
thermal evaporation,™ and solid-state reaction,'>'® have
been developed to prepare MAPDI, perovskites with
different morphologies. Besides the formation of thin films
of MAPDI, for solar cells, other regular morphologies, such
as microwires,!”!? nanowires?® and quantum dots,* have
been produced. The identification of their crystal growth
mechanism is crucial for understanding their fundamental
chemical and physical properties. The solvothermal method
is an efficient route to synthesize MAPDI; materials due
to its advantages of relatively low temperatures, single-
step process, and high reproducibility.?>?* High quality
and uniform cuboid shaped MAPDI, perovskite crystals
have been synthesized via solvothermal method using
an autoclave.’*? Recent studies®*?” have shown that the
reaction temperature is one of the keys to being able to
predictably control the crystal and film growth. In this work,
MAPDI; was synthesized by a solution method through
systematically controlling precursor concentration and
reaction temperature. We observed an interesting evolution
of morphology during the perovskite growth, from irregular
particles to well-defined cubic morphology. Also, MAPbI,
hopper cubes appear due to extreme supersaturation
condition in the reaction medium, caused by relatively
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high concentration of Pbl, and low temperature. The
mechanisms of crystal growth and morphology evolution
were discussed in detail.

Experimental
Sample preparation

Crystals of MAPbI, perovskite were obtained by a
solution method similar to the one previously reported.?
All chemical reagents were directly used without further
purification. In a typical experimental process, 50-200 mg
(0.1-0.4 mmol) of lead iodide (Pbl,, Sigma-Aldrich, St.
Louis, USA) was completely dissolved in 1 mL of hydriodic
acid (HI, 45 wt.% in water, Sigma-Aldrich, St. Louis, USA),
then 30 mL of isopropyl alcohol (IPA, Synth, Diadema,
Brazil) were added under stirring. The solution was
subjected to different reaction temperatures (T = =50, 0,
30, 55 and 80 °C), then 0.3 mL of methylamine (CH;NH,,
40% in water, Sigma-Aldrich, St. Louis, USA) was added
dropwise, and the final solution was stirred for 1 min. The
black precipitates were collected by centrifugation in room
temperature. The samples were washed with IPA until
the supernatant was colorless and then dried at desiccator
overnight.

Sample characterization

For the identification of the crystalline phases of the
samples, X-ray diffraction (XRD) measurements were
performed. These measurements were obtained using
a diffractometer STADI-P model of Stoe (Darmstadt,
Germany) with Mo Ko, radiation whose wavelength is
A =0.7093 A. In a first analysis, the space group symmetry
was confirmed using the Search-Match database. The study
of morphological properties of the samples was carried
out by using the scanning electron microscopy (SEM)
JSM-670LA (Jeol, Tokyo, Japan). UV-Vis absorption
spectra were collected using an ultraviolet-visible (UV-Vis)
spectrometer (Shimadzu, Kyoto, Japan) and emission
spectra were measured using a fluorescence steady state
spectrometer (PicoQuant FluoTime 300, Berlin, Germany).

Results and Discussion

The concentration of lead precursor and the reaction
temperature have great impact on the growth of perovskite
crystals in the solution method as presented here. The
MAPDI; crystals precipitates in IPA with adding of
precursors reagents and HI, then the chemical reaction to
form MAPbDI, can be reached. The volatile methylamine
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aqueous solution is added in excess, which will push
the reaction to the formation of MAPbI; due to a shift
of equilibrium, leading to crystallization of perovskite.
Previous works®-%° reported that the MAPDI, crystals
presents a tetragonal phase at room temperature with a
thermodynamic favored morphology of cubes. In order
to investigate and understand the crystal growth process
and shape-evolution of the MAPDI, particles, we have
performed a series of experiments using different reaction
temperature and different concentrations of Pbl,, leading
to an interesting observation on the cubic morphology of
the perovskite particles. First, we performed experiments at
low temperatures (T = 0 and —50 °C) with 0.1 mmol PbI,.
As shown in Figures la and 1b, the samples obtained at
T =-50 °C presented an irregular round-shaped particles of
average size of 0.9 + 0.2 pm, while at T = 0 °C the irregular
particles have been evolved into cubic shape morphology
with smooth edges and particle size of 1.1 £ 0.2 um. In
contrast with the small irregular particles obtained at low
temperature, the perovskite particles obtained at high
temperatures reveal well-defined cubic shape of MAPbI,
perovskite. The samples prepared at T = 80 °C reveal
microcubes of MAPbI, perovskite with average particle
size of 9 + 3 pm. As can be seen in Figure 1, an interesting
morphology evolution process from irregular to cubic
particles is observed by increasing the reaction temperature
from T = -50 to T = 80 °C. The increase of the average
size of the perovskite particles as a function of temperature
is also presented in the Figure 1d. We have also analyzed
the optical properties of the MAPbI; samples. In our
analysis, the band gap energy of the perovskite samples
does not change, regardless of the synthesis condition. The
absorption spectrum of perovskite microcubes prepared at
T = 80 °C shows an abrupt decrease of absorption around
800 nm. The band-to-band optical transition was determined
by the Tauc plot, presented in the inset of Figure 2a,
from the UV-Vis absorption spectra for a direct bandgap
semiconductor without excitonic effects. The zero-crossing
point gives a band gap energy (E,) of 1.47(1) eV for MAPbI,
samples which agrees with literature.?' Figure 2b shows the
photoluminescence (PL) spectra of MAPbI, samples. The
PL peak of MAPbI, is assigned to 793 nm for all samples,
leading to an experimental value of E, = 1.56 eV.
Although the MAPbI; morphology is synthesis
parameter dependent, the crystal structure remains
tetragonal with the same space group symmetry for all
samples. Figure 3 shows structural characterization of
MAPDI, synthesized at T = 80 °C, using 0.1 mmol of Pbl,.
X-ray diffraction (XRD) pattern indicates the expected
Bragg reflection positions considering /4/mcm space
group symmetry (COD ID 4124388) in agreement with
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Figure 1. SEM images of MAPbI, prepared at (a) T =—-50 °C, (b) T =0 °C and (c) T = 80 °C. (d) Average particle size as a function of reaction temperature.
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Figure 2. (a) UV-Vis spectrum of hybrid MAPbI; perovskite synthesized at T = 80 °C. Inset: Tauc plot fitting from the UV-Vis absorption spectra.
(b) Normalized photoluminescence spectra of MAPbI, samples synthesized at T = 0 and 55 °C.

literature.* Some traces of Pbl, are observed at 26 = 11.8
and 18°. Rietveld refinement shows a Pbl, volume fractions
of 0.6%. Different from other systems, this small fraction of
impurity phase is negligible.** Lattice parameters refined for
tetragonal perovskite are a=b =8.850 A and c = 12.637 A.
The MAPDIL, has a three-dimensional (3D) structure where
the methylammonium MA is at the center of the crystal
while [Pbl]* octahedral is in each corner of the tetragonal
structure. The ammonium group on each MA hydrogen
bonds to iodine in the perovskite structure. Interestingly,
although the particle size decreases, there are no significant
change on the XRD pattern when varying the reaction
temperature using the same Pbl, concentration. We have
analyzed and compared the full width at half maximum
(FWHM) of (002), (110), (004) and (220) Bragg reflections
of each XRD pattern (Figure 4). Interestingly, the FWHM

reveals no significant change in the crystallite size
regardless the change in reaction temperature (57 £ 4 nm).

In the sequence, a systematic study varying both
temperature reaction and Pbl, concentration was performed.
Two main results can be observed in the sequence of the
experiments through SEM investigations summarized in
Figure 5. First, as we have already showed in the results
presented above, the cubic-shaped particles increase in
length with increasing of the reaction temperature. In the
MAPDI, synthesis, all the precursors are present as ionic
species in an alcohol solution. First, the Pbl, is dissolved
in the presence of HI in an alcohol solution. Then, the
black crystals of perovskite begin to precipitate almost
instantly after the addition of MA aqueous solution at
room temperature. Among the precipitated perovskite
microcubes, it was also observed cuboid aggregates (see
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Figure 3. X-ray powder diffraction of perovskite MAPbI, samples obtained at T = 80 °C with 0.1 mmol of Pbl,.
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Figure 4. Selected reflections of the samples synthesized with 0.1 mmol of PbL,. (a) (002) and (110) reflections and (b) (004) and (220) reflections of

different reaction temperatures of MAPDIL; synthesis.

Figure S1, Supplementary Information (SI) section),
consisting of smaller particles (0.8-2 pm). Therefore, the
growth of larger microcubes may be explained by the well-
known Ostwald ripening mechanism. This ripening process
is a thermodynamically driven spontaneous process, where
the larger particles are more energetically favored.** In this
process of subsequent growth, the dissolved species from
small crystals are redeposit on the surface of larger crystals,
increasing the particle size. Therefore, the Ostwald ripening
is another growth mechanism that may be considered for
the process of growth in the perovskite crystals.

In addition to the growth of perovskite particles with
temperature, another growth mechanism is observed
for samples prepared with higher concentration of Pbl,
(0.4 mmol of PbL,). For these samples prepared at T = 30,
55 and 80 °C (Figure 5), it can be observed the presence
of microcubes with hollow spaces, i.e., the interior spaces
of the microcubes are not completely filled (Figure 6). The
formation of these hollow spaces is usually called hopper
morphology and occurs at relatively high supersaturations.®

The cubic hopper morphology growth occurs at antisolvent
crystallizations, where the supersaturation is higher near
the edges and corners of the cubes than at the center of
the six flat faces on growing crystals. This effect is called
Berg effect and it favors two-dimensional (2D) nucleation,
forming steps and depressions at the flat faces.* Under
this condition of supersaturation, the nucleation and the
crystal growth rates are very high causing the precursors
to be quickly consumed.*® Therefore, the hopper growth is
a result of a kinetic effect. It is known that the transition
between the cubic and such hopper growth happens at a
determined supersaturation where the growth rate of the
cubic crystal reaches a maximum.* Here, the perovskite
crystals transferred from cubic to hopper-faced cuboid
morphology when using high concentrations of Pbl,.
Therefore, the excess of Pb and I ions limit the cubic growth
by incorporating ions into the surface and the only way to
incorporate more ions from the supersaturated solution is
creating new surfaces. The edges of the first cubic core
serve as a point for the 2D nucleation of a new cubic crystal.
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Figure 5. Morphology evolution process of MAPbI, particles by changing reaction temperature and Pbl, concentration.

Figure 6. SEM images of hopper crystals of MAPbI; at (a) T =30 °C, (b) T =55 °C, (¢) and (d) T = 80 °C. The Pbl, concentration of all the samples is

0.4 mmol.

At room temperature (T = 30 °C), where the
supersaturation at the onset of precipitation should be
higher, the dynamics of hopper growth appear as an
assembly of interconnected cubic crystals and branches
of hopper morphology, resulting from rapid consumption
of supersaturation in a very short time. At intermediate
temperature (T = 55 °C), the particles grow bigger, and
hopper cubes are still formed. When the reaction is high

(T =80 °C), the thermodynamic growth (cubic growth) is
favored rather than hopper growth, although the presence
of hopper cubes is still present (hopper cubes are minority
in the samples prepared at higher temperatures). Analyzing
the XRD patterns of the different samples produced with
different concentration of Pbl,, we can observe that when
the supersaturation is higher, more {001} facets are exposed
during the crystal growth. It is known that the depressions
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caused by the hopper growth usually occur at the centers
of the {001} facets of the cubic crystals.*¥3¢ According
to our XRD analysis, the most intense peak is referred to
(110) plane at T = 80 °C, followed by (002). When the Pbl,
concentration is increased, the relative intensity of the (002)
diffraction peak also increases (see Figure S2, SI section).
Furthermore, the intensity of the (002) peak is higher for
lower reaction temperatures, coinciding with the scenario
where the hopper morphology is predominant. Then, the
{001} facets are mostly exposed when the hopper growth
takes place on the perovskite crystal growth process.

At equilibrium conditions, crystal shape is driven to
achieve the minimum total surface free energy. Crystals
grow faster in the direction perpendicular to the face
with the higher surface energy, resulting in elimination or
reduction of higher energy surfaces, while lower energy
surfaces increase in area.***’ The average surface energies of
different facets follow the order for the perovskite structure:
{111} > {110} > {100}.*' For the MAPbI, tetragonal
perovskites, the predicted morphology is a cube/polyhedron
formed by the slow growth of (002) and (110) planes (lower
energy surfaces; see Figure S3, SI section). However, the
thermodynamics and kinetics of the crystal growth can be
affected by impurities, ions, molecules that constitute the
growth medium, precursors concentration and reaction
temperature, thus altering the morphology. A theoretical
analysis on the crystallization of MAPbI, and the control
of grain sizes in the two-step thin films formation were
previously reported.*? Deriving a thermodynamic reaction
model equation from Gibbs free energy, they demonstrate
that the reaction temperature is a critical factor affecting
grain size. Accordingly, at low temperature, we expect that
the number of nuclei increases and, therefore, the size of the
particles decreases. Following the thermodynamic model,
we would expect a faster nucleation at low temperatures,
resulting in a slow particle size growth. Indeed, we have
observed smaller particles when decreasing the reaction
temperature. At low temperature (T =—50 °C), the crystals
grow at nonequilibrium conditions, and the growth of
crystals is no more thermodynamically driven. Therefore,
the various planes grow at the same rates, yielding small
particles with irregular spherical morphology. As the
temperature increases to T = 0 °C, the facets {001} and
{110} starts to increase in area, forming the cubic-like
morphology with smooth edges. However, the size of these
cubes is smaller than those obtained at higher temperatures.
When the reaction temperature reaches T = 80 °C, the
reaction conditions turn into a thermodynamic controlled
scenario (near the equilibrium condition). In this scenario,
cubes with {001} and {110} facets prefer to grow.

Many theories focused mainly on the crystal growth in
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near equilibrium conditions, but the crystal growth theories
in nonequilibrium conditions are still limited. For example,
the Wulff construction predicts the shape of an equilibrium
crystal, according to the Gibbs thermodynamic principle,
by minimizing the total surface free energy associated to
the crystal-medium interface.*** Also, the Bravais, Friedel,
Donnay and Harker (BFDH) method used to predict the
morphology of MAPDI; in this work (see Figure S3, SI
section) do not consider the environmental growth medium.*
Therefore, in nonequilibrium conditions (as supersaturated
growth environments presented here), environmental growth
medium and crystal growth kinetics should be considered.
Recently, the supersaturation-controlled surface structure
strategy, which is derived from thermodynamics and the
Thomson-Gibbs equation, has been proposed.*® According
to this study, the exposed crystal faces can be simply tuned
by controlling the supersaturation. In summary, when the
supersaturation is low (near the equilibrium condition),
crystal facets with low surface energy prefer to be exposed,
which is in accordance with the shapes predicted by the
thermodynamic models. On the other hand, when the
supersaturation is extremely high, various crystal facets
would have similar crystal growth rates, which results in
the formation of spherical crystals.*’ In our first experiment,
the reaction temperature is changed, but the concentration of
Pbl, is the same for all samples. In these conditions, we can
consider that the supersaturation at the onset of precipitation
is higher for the lowest reaction temperature (T = —-50 °C)
since the solubility decreases with temperature. Accordingly,
at high supersaturation conditions (low temperature), the
crystal facets have similar crystal growth rates, leading
to irregular rounded particles. On the other hand, at low
supersaturation conditions (high temperature), crystal facets
with low surface energy prefer to grow. In addition, another
nonequilibrium condition is observed at high concentration
of Pbl, (high supersaturation). When the Pbl, concentration
is increased, the conditions are far from the equilibrium as
well. In this scenario, the medium is highly supersaturated
at onset of precipitation, leading to the growth of hopper
crystals induced by kinetic effects. The hopper morphology is
more pronounced at room temperature (T =30 °C), where the
supersaturation is higher. Figure S7 (SI section) summarizes
the growth and morphological evolution of the perovskites
obtained under non-equilibrium and equilibrium conditions
observed in this work.

Conclusions
We have shown an evolution in the perovskite particle

morphology, which goes through irregular particles,
and cubes with smoothed edges and corners, to well-
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defined cubic morphology. The growth of well-defined
cube morphology of MAPDI, perovskite is observed
near equilibrium conditions, where the thermodynamic
morphology is favored, i.e., at reaction temperatures of
T > 30 °C. In the nonequilibrium conditions (low reaction
temperatures and high concentration of Pbl,), the MAPbI,
growth presents other morphologies. Growth process at
very low temperature was mainly dominated by kinetic
growth regimes, which results in irregular rounded
particles. On the other hand, the hopper morphology, which
characterizes the presence of steps or depressions in the
center of the cube faces, appear when the supersaturation
is relatively high. The growth evolution of these hybrid
organic-inorganic perovskite particles was discussed and
explained by considering thermodynamic and kinetic
models.

Supplementary Information

Supplementary data (additional SEM images of
perovskites microcubes; MAPbI; morphology predicted
by BFDH method; particle size distribution of all MAPbI,
samples; crystal structure report for MAPbDI; tetragonal
phase) are available free of charge at http://jbcs.sbq.org.
br as PDF file.
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