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ABSTRACT: Understanding the kinetics of the crystallization process for organometal halide
perovskite formation is critical in determining the crystalline, nanoscale morphology and
therefore the electronic properties of the films produced during thin film formation from
solution. In this work, in situ grazing incidence small-angle X-ray scattering (GISAXS) and
optical microscopy measurements are used to investigate the processes of nucleation and GISAXS + Optical
growth of pristine mixed halide perovskite (MAPbI,_,Cl,) crystalline films deposited by bar microscopy
coating at 60 °C, with and without additives in the solution. A small amount of 1,8-
diiodooctane (DIO) and hydriodic acid (HI) added to MAPbI;_,Cl, is shown to increase the
numbers of nucleation centers promoting heterogeneous nucleation and accelerate and
modify the size of nuclei during nucleation and growth. A generalized formation mechanism is
derived from the overlapping parameters obtained from real-time GISAXS and optical
microscopy, which revealed that during nucleation, perovskite precursors cluster before
becoming the nuclei that function as elemental units for subsequent formation of perovskite
crystals. Additive-free MAPbI; ,CI, follows reaction-controlled growth, in contrast with when DIO and HI are present, and it is
highly possible that the growth then follows a hindered diffusion-controlled mechanism. These results provide important details of
the crystallization mechanisms occurring and will help to develop greater control over perovskite films produced.

KEYWORDS: perovskite, small-angle X-ray scattering, optical microscopy, crystallization, bar coating, dynamics

1. INTRODUCTION sizes but these techniques do not distinguish the crystal
structure.'” Observation of early crystal growth on the lattice
scale is only possible in real-time during the rapidly drying liquid
phase, making these observations very challenging. Several
different approaches have been employed to observe the
thermodynamics and kinetics of nucleation and crystal growth,
e.g, atomic force microscopy (AFM), scanning electron
microscopy (SEM), X-ray diffraction (XRD), optical micros-
copy, interferometry, or differential scanning calorimetry
(DSC).IS’ZO

The phenomena of nucleation and growth from solution have
been described by classic nucleation theory (CNT) and the
Lifshitz—Slyozov—Wagner (LSW) growth model. In CNT, the
solution precursor is deposited onto a substrate and the solvent
is removed (mainly by heating), which causes supersaturation of
the solution. The free energy of the system changes, and the
atoms, ions, molecules, or other chemical species come together
to form nuclei or embryos, which eventually act as a center of
crystallization. Nuclei may form either in the solution or on a

Since their first reported efficiency of 3.8% in 2009, perovskite
solar cells have rapidly reached a record efficiency of 25.2% in
2019." A lot of effort has been put into developing and
controlling deposition to fulfill their potential to offer devices at
low cost, with easy fabrication, and high efficiency. Protocols
such as thermal annealing,”™* using additives,”~'* modifying the
concentration used,""'” applying antisolvents, using different
solvents,”"® and high-temperature casting14 have all been
investigated to control perovskite structure, grain size,
crystallinity, surface coverage, and stability with varying success.
There is a large volume of published research describing
successful protocols to improve perovskite solar cell efficien-
cies.'””~"” To fully understand the effects caused by these
different treatments, it is necessary to consider how they control
the nucleation and growth and therefore manipulate the size,
purity, morphology, and crystal structure, such that it is possible
to create reproducible perovskite thin films with the desired
physical and morphological properties. To date, the phenom-
enon of perovskite crystallization is not well understood, largely
because the main research focus has been on the production and Received:  October 23, 2020
improvement of highly efficient solar cells. There are also some Accepted: January 22, 2021
challenges in studying crystallization, such as the difficulty in Published: February 2, 2021
measuring the critical nucleus sizes in the range of 100—1000

atoms,"” a real challenge for current experimental methods.

Microscopic techniques can detect and observe relatively small
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substrate or any particle such as an additive and are referred to as
homogeneous and heterogeneous nucleations, respectively.'” If
homogeneous nucleation is considered thermodynamically by
examining the change in the free energy of a spherical particle,
the total free energy AG is the sum of the surface free energy AG;
(free energy between a very large particle and the solute in the
solution). The change in the free energy AG, as a function of the
nucleus radius r is given by

AG, = AG, + AG, = 4y — S2r°AG,
3 (1)

where y is the solid—liquid interfacial area free energy. The
formation of a new nucleus depends on a cluster achieving the
critical radius r*, which is associated with the free-energy
maxima barrier. If r < #¥, the system will dissolve the solid and
further reduce its free energy because a small r is more stable,
while when r > r*, the solid will grow and the free energy will
decrease, so the larger r is, the more stable the system
becomes.”"””* As stated in the LSW theory, the temporal rate
of change in the nuclei size r follows a power law over time r o t*.
The exponent x can provide insight into the growth mechanism:
if such an exponent is 1/2, the system experiences a dynamic
coalescence (reaction-limited growth) and when it is 1/3 the
growth is %overned by Ostwald ripening (diffusion-limited
growth).zs_ 3
Spin casting is by far the most commonly used technique for
the preparation of thin films of perovskite for solar cell
applications. Much of the knowledge regarding film formation
has been due to studying this technique. However, other
deposition methods are better suited to transition from
laboratory to large-scale production of perovskite, e.g.,, bar
coating, blade coating, spray coating, or slot-die printing. Bar
coating is a simple solution-based deposition technique for large
areas with the added attraction of being industrially scalable. The
system comprises a wire wound bar sitting in contact with a
usually fixed substrate. The diameter of the wire and the spacing
between windings determine the thickness of the wet films
produced when the bar pushes the solution across the substrate.
The bar coating process involves two major steps after spreading
of the ink solution onto the substrate: (1) formation of a wet film
and (2) drying of the wet film.”° As the bar pushes the solution
across the substrate, a small amount of solution passes through
the gaps between the wire forming surface morphologies
consisting of a series of strips, which collapse immediately due
to superficial tension to result in a flat wet film.”” The speed of
the bar is crucial to form a wet film; if the speed is low, the
deposition is under an evaporative regime, in contrast to that at
higher print speeds under the Landau—Leviche mode where first
there is formation of a wet film before solvent evaporation.”**’
Synchrotron radiation-based X-ray techniques allow struc-
tural characterization providing valuable information about the
inner film morphology, e.g., wide-angle X-ray scattering
(WAXS) probes length scales in the atomic range and thus
yields crystallographic information about the sample,”® while
GISAXS is a technique that is surface-sensitive (due to the
grazing incidence used) and probes longer length scales, thus
providing a full mesoscale approach to the problem of
crystallization and the morphology of the samples.'””" X-ray
scattering at small angles (0.1—10°) allows information to be
obtained regarding the structure in the range from 1 to 1000 nm.
The use of fast two-dimensional (2D) detectors with
synchrotron radiation allows in situ experiments during the
growth of perovskite and other semiconductors. Relevant
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information can be extracted from GISAXS scattering curves
such as sizes, shapes, distances, and correlations of par-
ticles.”*>** Such parameters are fundamental®® in under-
standing the process of nucleation and growth.

In situ grazing incidence WAXS (GIWAXS) has been used to
study the crystal structure during deposition, film formation,
annealing, and degradation of perovskite solar cells, and there
are already some review papers describing the results of
employing in/ex situ X-ray scattering techniques on solution-
based perovskites.’”*®> Barrows et al. reported an in situ
GIWAXS/GISAXS characterization study on the formation of
MAPbI;_,Cl, during annealing. They followed the crystalline
changes at 80 °C; at early stages, they observed only diffraction
peaks related to crystalline precursors and until the 117th
minute when the main diffraction peak (110) reached its
maximum. However, they did not present an analysis of the
GISAXS data beyond highlighting some variations in the
Yoneda peak.*® Zhong et al. reported an in situ GIWAXS study
of MAPbI; crystallization deposited by blade coating. They
found that at temperatures in the range of 80—100 °C the film
dries fast and its composition is a mix of solvates, Pbl, phases,
and perovskite phases. However, at temperatures higher than
100 °C, there is a direct conversion to perovskite forming
compact perovskite films.”” In previous work by the authors, we
reported the crystalline changes occurring during spin casting of
MAPbDI;_,Cl, and FAPbI;_,Cl, precursors by wide-angle X-ray
scattering. The WAXS setup included a vertically positioned
spin coater, which allows the incident X-ray beam and the
substrate to be orthogonal probing the bulk film. It was found
that during early stages of crystallization there was one-
dimensional (1D) growth of an intermediate phase to form a
crystalline perovskite precursor, which requires thermal
annealing to form the desired crystalline perovskite.”® Other
GIWAXS studies such as Masi et al. reported time-resolved
GIWAXS during crystallization of MAPbI; by multistep spin
coating to study the effect of additives* and Tang et al. reported
in situ GIWAXS measurements for different formamidinium
perovskites at different temperatures of the substrates.*’ Most
often, GIWAXS is reported when performing in situ grazing
incidence X-ray scattering experiments and only a limited
number of complementary ex situ GISAXS studies have been
published for perovskites,*"”** but it has been widely used to
investigate in real-time different aspects of the crystallization of
polymers,*~* metal nanoparticles,”>*” or proteins.***’

Additives can be used to control multiple properties, such as
the crystallite size and density, and even provide control of the
polymorph of a given species.”’ The presence of small
concentrations of impurities or additives has no impact on the
total volume, so nucleation continuously occurs throughout the
majority of the solution. However, these impurities can enhance
the nucleation rate acting as heterogeneous nucleation centers
and have an important effect on the growing crystal structure.”’
Liang et al. reported the use of 1 wt % of DIO as an additive in
the perovskite ink and they found that DIO increased the
coverage and smoothness by stimulating heterogeneous
nucleation and modifying the interfacial DIO perovskite
precursor energy, making the crystals grow in contact with the
surface. It is speculated that this is caused by the chelation of
Pb?**, with DIO affecting the dynamic equilibrium of the drying
and annealing film and causing an increase in the internal energy
and configurational entropy of the growing crystal, thus
modulating the growth rate and the shape. As a result of the
retarded crystallization upon adding DIO, the crystal growth is

https://dx.doi.org/10.1021/acsaem.0c02625
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defect-free.” Also, Lee et al. reported that DIO modifies the
crystallization rate and enhances the formation of stable
intermediate structures.”> However, DIO can be removed with
the solvent during the annealing process when using high
temperature.53

The effect of HI as an additive in MAPDI; precursors was first
reported by Heo et al,, reaching an efficiency of 17.2%. They
found that HI when used as an additive produced a perovskite
film with fewer crystalline domains. HI enhances the solubility of
PbClI,/Pbl,, which favors the growth of continuous perovskite
crystals during nucleation and growth, facilitating the formation
of a dense pure perovskite.”* HI can recover the methylamine
(the decomposition product of MAI) back into MAI, thereby
suppressing the decomposition reaction of MAPbI, perovskite.’
Furthermore, there is no chemical reaction between HI and
perovskite precursors, and HI is removed from the films during
annealing.>

In this work, we investigate the influence of additives on the
crystallization kinetics of methyl ammonium lead halide
perovskites using in situ GISAXS and optical microscopy.
Methyl ammonium lead halide perovskites formed from methyl
ammonium lead chloride and lead iodide are known to be
predominantly from methyl ammonium lead iodide.”® In situ
studies allow the growth process and the evolution of
morphology to be monitored in real-time.”* By combining
scattering techniques and direct imaging, data collection at
different stages of the crystallization process is possible. The
results help in understanding the nucleation of mixed halide
perovskite. Here, we focus on the influence of small quantities of
additives, e.g., DIO and HI, on the nucleation and crystal growth
processes, while in our previous report we imaged smaller length
scales during the spin casting of MAPbI;_,Cl, and FAPbI; .Cl,
films.*® The growth pathways followed during the film formation
by bar-spreading perovskite ink are identified. Because of the fast
process of crystallization of perovskites, in situ GISAXS was used
to study the early stage of nucleation and growth, while in situ
optical microscopy reveals the later growth stages of the
perovskite crystals due to its limited resolution. These combined
techniques enable in situ characterization throughout the entire
process of the perovskite crystallization from the initial solvent
evaporation to film formation. The growth mechanism is
investigated by tracking the evolution of the size of the nuclei.
We describe in detail the mechanism leading to the formation of
the film morphology in bar-coated perovskites and propose a
model based on the radius of gyration, power exponent, and
effective radius. Additives indeed modify this process,
accelerating the nucleation process and functioning as
nucleation centers promoting heterogeneous nucleation.
Furthermore, they play an important role in the morphology
evolution. Regardless of the different scenarios of nucleation and
growth, all of the MAPbI;_,Cl, inks, with and without additives,
deliver high-quality crystalline thin films.

2. EXPERIMENTAL METHODS

A perovskite precursor 3:1 MAI/PbCl, in 99.9% anhydrous
dimethylformamide (DMF) was purchased from Ossila Ltd. Prior to
deposition, the precursor solutions were continuously stirred and
heated to 70 °C on a hot plate. The additive recipes used were taken
from the literature: perovskite—DIO solution was prepared by adding 1
wt % of DIO with respect to the perovskite weight into the vial
containing the solution and stirring overnight at 70 °C.” One percent
per volume of HI was added to the perovskite precursor solution®® for
the perovskite—HI solution.
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The glass substrates (Menzel-Glasser) were first sonicated for 10 min
in hot water with Hellmanex solution (Z805939, Sigma-Aldrich) and
then rinsed twice in boiling deionized water. After that, the substrates
were again sonicated in isopropyl alcohol (IPA), followed by another
rinse in deionized boiling water. They were then dried with compressed
air, and finally the substrates were treated in an oxygen plasma cleaner
for 10 min. During the bar spreading, 10 uL of perovskite ink was
deposited on half a glass microscope slide (7.5 cm X 1.25 cm) using a
bar speed of 40 mm s™*. This speed allows the formation of a wet film
within the Landau—Leviche regime. The same cleaning process and size
of the silicon wafers were used in the GISAXS experiments.

Scanning electron microscopy (SEM) images were obtained using a
JEOL Ltd. (Tokyo, Japan) JSM6010LA microscope. X-ray diffraction
(XRD) patterns were obtained using a D2 Phaser Bruker diffractometer
under monochromatic Cu Ka radiation (1= 1.54184 A) and on a range
from 2 6 = § to 60°.

2.1. In Situ GISAXS Experimental Setup. The bar coating system
was transported to beamline i22 at the Diamond Light Source. The
energy of the X-ray beam used was 14 keV, and the substrate was
aligned to the beam with an incidence angle of @; = 0.24°. For data
acquisition, a Pilatus P3-2M detector was used at a distance of 9.504 m
from the samples. Figure 1 shows a schematic representation of the

Figure 1. Schematic representation of the GISAXS setup for the bar
coating system at the i22 beamline. The bar coating system was situated
between the beam source and the detector, which was 9.504 m away
from the sample.

GISAXS and bar coating setup. The precursor ink was deposited using a
remotely controlled syringe pump. All measurements were performed
following the same procedure; first, the substrate was aligned to the
beam and held at 60 °C, and then the precursor ink was deposited using
a syringe pump onto the silicon in front of the bar. During this time, the
data from the X-ray detector was collected continuously; in total, 180
frames were taken before, during, and after spreading the ink over 3 min.
While spreading the precursor ink, the bar momentarily blocked the X-
ray beam. This was used to define the start of the process. The first
meaningful data was observed immediately after the bar had passed
through the beam. The detector recorded the intensity of scattered X-
rays over a range of exit angles. Two beam stops were used: a circular
stop where the straight-through beam is and a vertical strip to block the
reflected beam and the intense vertical flare from the sample. The
Yoneda peak position was identified by integrating along g, a box
profile, for all of the 2D GISAXS images in the stacks. Once the Yoneda
peak position was identified, another box profile along g, was drawn to
extract intensity profiles. The GISAXS processing was performed using
DAWN software and the fitting using SasView.

2.2. In Situ Microscopy Setup. A Nikon LP-EPILED microscope
with a Pixelink PL-B742FF camera was attached above a bar coating
system to observe the kinetics of crystallization of the perovskite
solution. Immediately after spreading the perovskite inks, the lens was
lowered in place and the focus was adjusted to observe the perovskite
ink as it dries at the center of the glass substrate. Lenses with 40X and
60X magnifications were used. The image stacks were processed and
analyzed by Image]-FIJI to extract the number of crystals, spatial
distribution (40X magnification), and area of the crystals (60X

https://dx.doi.org/10.1021/acsaem.0c02625
ACS Appl. Energy Mater. 2021, 4, 1398—1409
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Figure 2. GISAXS scattering profiles of (a) MAPbI,_.Cl,, (b) MAPbI;_,Cl, + DIO, (c) MAPbL,_.Cl, + HI, and (d) evolution of @ and R, of

MAPbI,_,Cl, and with additives.

magnification) (see Figures S4—S6 for details of the image analysis
algorithms).

3. RESULTS AND DISCUSSION

3.1. Crystallization as Followed by In Situ GISAXS.
Figure 2a—c shows the GISAXS profiles along the Yoneda peak
during the bar spreading of the various precursor inks. The X-ray
scattering data was fitted with a power law model and analyzed
using Guinier’s law (I(q) = pov* exp(—1/3¢°R;)), where I(q) is
the scattering intensity, R, is the radius of gyration, p, is the
average scattering length density, and v is the volume of the
particle. Guinier’s law suggests that the plot I(q) vs q* gives the
initial slope (Rg/ 3)*” to determine the particle size evolution
during the process of nucleation. The data was also analyzed
using a power law model described by I(q) = scale*q™* +
background, where « is the power; this calculates a simple power
law with a flat background.”” Both the radii of gyration and the
power exponent were determined, and Figure 2d shows the
evolution of a and R, for MAPbI;_,Cl, with additives at T, =
60 °C.
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The MAPbDI;_,Cl, profiles present three changes in their
intensity and shape: in stage 1, from the beginning of the
experiment to ~25 s, there is a slight increase in the intensity at g
~ 0.001 A™". This increase in the intensity at intermediate q
values may be associated with mainly heterogeneous nucleation
and to a lesser extent homogeneous nucleation.”® In stage 2,
from ~25 to ~30 s, the profiles reach a maximum, after which
the feature at g ~ 0.001 A~ dissipates, and in stage 3, after ~30ss,
the intensity of the scattering profiles decreases until 50 s after
which time it remains constant and holds the same shape for the
rest of the GISAXS experiment. It can therefore be reasonably
assumed that these changes in the intensity of the profiles are
related to the clustering, nucleation, and then aggregation of
perovskite precursors. These three stages are also witnessed in
the power law exponent « values: from @ = 1.9 to 2.2 in ~25 s
(stage 1) to continue growing to a maximum a = 2.7 at ~33 s
(stage 2) and then a decreases to remain at a constant value
during the rest of the experiment at values close to a = 2.45
(stage 3) (see Figure 2d). When a remains constant, it is
assumed that most of the solvent has evaporated and the I(q)

https://dx.doi.org/10.1021/acsaem.0c02625
ACS Appl. Energy Mater. 2021, 4, 1398—1409
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profile then remains almost the same, indicating that the
perovskite films have formed. The increase in the scattering
intensity in the early stages of the in situ GISAXS experiment has
previously been related to the formation of primary particles by
observing a power law behavior,”® and the decrease in the
exponent of the power law is associated with a change in the
aggregation state of the particles. Similar phenomena are
thought to occur in the perovskite system studied here, where
the aggregation state initially changes and then stabilizes when a
reaches a maximum after which it remains constant during the
rest of the experiment.

In situ GISAXS was also used to study the influence of a small
amount of additives in the perovskite ink; 1 wt % of DIO and 1%
per volume of HI were added to the ink solution. In contrast, a
more complex behavior is observed in the presence of DIO in
MAPbI;_,Cl,, as shown in Figure 2b. A feature at g ~ 0.01 A™" is
formed, which gradually shifts to lower g values up until 30 s and
finally it disappears at ¢ ~ 0.003 A~'. Additionally, another
shoulder atlow g ~ 0.001 A™" is present. After ~35 s, the profiles
reduce their intensity and they keep the same shape. In the
presence of DIO, a values change from 1.9 at ~S s to @ = 2.1 at
~22 sin a first increase; then, after keeping a constant value for a
tew seconds, this value grows sharply to a maximum value of @ =
2.3 (~30 s). Once « has reached the maximum, it suddenly
decreases to 2.0 and it has the same value during the rest of the
experiment. More rapid changes are observed when Hl is added,
as shown in Figure 2c; first, the scattering intensity is high and
sharply decreases in just less than ~10 s and then remains the
same shape during the rest of the experiment. Similarly, «
changes from a = 2 to 2.17 and then decreases again to values
around. The fast changes suggest rapid crystallization and drying
of the solvent forming a solid film when HI is present.

Most of the a values are in the range of 2 < a < 3, which
corresponds to particles or films with surface fractal character-
istics, i.e., they correspond to objects that possess a rough surface
and exhibit fractal properties. Films with surface fractals possess
2D self-similar morphology on different scales from nanometers
to micrometers, which img)lies that the film contains densely
packed perovskite grains.”” The changes in @ and the fractal
dimension D, = 6 — «a can tell us about the transformations on
the surface roughness during the different phases of nucleation.
An increase in D; indicates that the surface roughness becomes
larger.”” MAPbIL,_,Cl, nuclei experience a reduction in the
surface roughness as a consequence of the aggregation of the
perovskite precursors forming a more compact film. On the
contrary, when HI is present in the ink, the roughness increases
as D; escalates from 3.72 to 4.1 during the experiment; similar
values are observed for DIO (see Figure S2).

Figure 2d shows the evolution of a and R, for MAPbI;_,Cl,
and MAPbI,_ Cl, with additives at T, = 60 °C. For the pristine
MAPbI;_,Cl, ink, R, is determined to be 90 A for the first 25 s
and then increases sharply to a maximum R, = 126 Aat35sand
to 111 A at 90 s and ~100 A (150 s) to continue varying only
slightly during the rest of the experiment. A feature is observed at
0.001 A™" in the intensity profiles, attributed to clusters/nuclei
of larger than ~6000 A during the 24 s of the nucleation process,
while the Guinier analysis shows clusters/nuclei with gyration
radii of hundreds of A.

The presence of additives modifies the trend of R, values; in
the presence of additives, R, starts to grow almost immediately
to a maximum value where it remains, whereas without any
additives, there appears to be a longer induction time before it
starts to grow. For MAPbI;_,Cl, + DIO, the initial R, value
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detected is around 120 A and reaches a maximum R, = 144 A
after 20 s. In addition to the calculated R, value, a feature at mid-
range q values is also observed in the scattering profiles of
MAPbI,_,Cl, + DIO, observed with a maximum at 0.0122 A™*
and moving to lower g values at g = 0.0013 A™" to later finally
disappear due to the aggregation of the particles into larger
crystals. When HI is present, R, values grow in the first 10 s from
86 to 110 A. The trends observed in the evolution of R, imply the
existence of an induction time that is decreased by the presence
of the additives, which accelerates the process of nucleation until
R, reaches the maximum value. Once R, reaches its peak value, it
slowly reduces over time; this decline in R, is believed to
correspond to the creation of a solid thin film from which the
final residual solvent is evaporating at which point the Guinier
analysis is no longer applicable.

The evolution of a and R, is expected to grow in a similar
fashion.*® An induction time is also observed in the evolution of
a; the growth of ar occurs earlier for the ink with additives than
for the pristine. What stands out is the faster growth of
MAPDI;_,Cl, + HI compared to that of any other ink; HI is a
very effective nucleating agent, and the crystallization forms
rapidly; consequently, it is thought that just the partial growth of
the film formation was imaged.

Growth mechanisms can be studied by tracking the size
evolution of the nucleation centers; the LSW theory states that
the particle growth as a function of time should follow ~¢". This
approach has been extended to perovskite nucleation from
nanoparticle systems.”*~>° Figure 3 shows a log—log plot of R, as

® MAPbI,,Cl,
® MAPbI,,CI, + DIO
® MAPbI,,CI, +HI

21 F

Log(R,)

20

Log(t)

Figure 3. Log—log plot of the evolution of R,. Power law fitting was
performed in the range of sharp increase in R;, and they are indicated by
the straight lines, for MAPbI;_,CI, R, ~ t/3, MAPbI,_,Cl_ + DIO R, ~
t*!!, and MAPbI,_,Cl, R, ~ "%,

a function of time for the pristine MAPbI,_,Cl, and with each of
the additives. By fitting the section of the data set where the R,
values are increasing, it is shown that the R, of the pristine
MAPbI,_,Cl, grows as ~t*** following a reaction-limited
process (~t"/%). Under this mechanism, the perovskite crystals
obey a classic crystallization and they grow slowly. Basically,
nuclei are surrounded by the solution that is supplying
precursors to deposit on the surfaces of the nuclei forming
polyhedral crystals.’”®" Diffusion-limited growth would in
theory follow a ~t'/3 growth; our results show a notably lower
power exponent; R, of DIO and HI grow as ~1 and ~113,
respectively. Similar trends have been previously observed by
Woehl et al. and attributed to hindered diffusion-limited

https://dx.doi.org/10.1021/acsaem.0c02625
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Figure 4. (a) Incubation time and (b) Arrhenius plot to determine E,. The slope for the pristine precursor is 73.78 + 2.89 kJ mol™!, for + DIO, it is

75.61 + 2.89 k] mol ™, and for + HI, it is 75.41 + 3.85 kJ mol™".

growth®” due to either multiparticle effects or attached growth.
Therefore, in our experiments, it is highly possible that both
additives experienced hindered diffusion-limited growth with
even smaller #* than with the theoretical t'/° due to a large
number of nuclei. Another possible explanation for this might be
the uncertainty in the measurement of R, being greater for the
DIO and HI samples due to the rapid nucleation, which means
there were fewer data points available in the region of interest
when fitting in the log—log plot. In hindered diffusion-limited
growth, there is a high number of nuclei and it is highly probable
that nuclei grow upon collision and then aggregate, reducing the
total surface energy resulting in a concentration gradient around
the nuclei reaching a diffusion-limited state.?”°

3.2. Crystal Growth as Observed by Optical Micros-
copy. An isothermal study at 60 °C was performed to directly
observe the dynamic crystallization of MAPbI;_,Cl, perovskite
by in situ optical microscopy. Wet films were formed after the
precursor ink was spread by bar coating. Optical microscopy can
detect crystals and follow their growth at length scales larger
than ~1 um, complementing the GISAXS experiment that
probes shorter length scales. Two lenses of different
magnifications (40X and 60X) were used; the pixel size at
40X is 5.45 ym pixel ' and at 60X is 3.59 ym pixel "'. The former
was used to study the number of particles and the latter was used
to observe the area of the crystals.

What is interesting about the Supporting Information videos
of the perovskite crystallization is that some crystals were
growing in fixed locations and others were initially moving to
later remain fixed or to attach to other fixed crystals, suggesting
that nucleation is occurring in both the bulk and potentially at
the system boundaries for these perovskite films. When the wet
film has reached the supersaturation state, crystals nucleate
directly from the solution ink forming crystals and later form a
film over the substrate. Once the crystals have reached their
maximum size, they form a film and subsequently turn dark in
color, indicating the complete evaporation of the solvent
(DMF). However, these initial crystals correspond to
intermediate phases or precursor—solvent phases, which only
after adequate annealing form the desirable tetragonal perov-
skite structures.

The first parameter taken from the stack of images without
any calculation or image processing is the incubation time t,,
defined here as the time required for the first crystal to grow
large enough to be observed by microscope, which depends on
the magnification used.” Figure 4a shows t, for the pristine
perovskite ink and the inks with additives; as the temperatures
increase, t; decreases when an objective of 40X magnification is
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used. Higher temperatures needed less time to reach the
saturation point required to initiate the crystallization. From
Figure 4b, the activation energy E, for the formation of these
crystalline intermediate phases can be calculated by the slope of
an Arrhenius plot Int, vs 1/ ksT.%® E, values calculated here are
slightly increased by the presence of the additives, and these
values correspond to the formation of an MAPbI,_,Cl,
intermediate. The E, value for the pristine precursor is 73.78
+ 2.89 kJ mol™'; E, increases to 75.61 + 2.89 kJ mol™' when
DIO is added and 75.41 + 3.85 kJ mol™" for HI. Other studies
have reported the E, values for different deposition techniques
and employed different methodologies for the calculation of E,
for annealed perovskites, e.g., for spin coating, a value of E, = 85
kJ mol ™" was reported using PbCl, as a precursor,” and for a slot-
die deposition technique, a value of E, = 81.4 k] mol™" was
used,””*> which is in the same order of magnitude to the E,
values calculated for bar coating under ambient conditions.
Another parameter that affects E, reported by Moore et al. is
humidity from the local environment that accelerates the
crystallization and decomposition of perovskites; then, the
activation energy of nucleation and growth is likely higher for
films coated in an inert environment. They also reported that a
high E, value requires a longer period of time for the solvent to
evaporate and a lower E, reduces the period of coarsening and a
very low E, results in poor film morphology.66

The time dependence of the number and size of crystals is
further analyzed. An image analysis algorithm was used to obtain
the number of crystals N, and the average size of the crystals .4
over time. Figure 5 shows the evolution of the number of crystals
for the pristine MAPbI,_,Cl, and with additives at T, = 60 °C.
DIO and HI cause the generation of more nuclei and they appear
sooner. HI shows the most dramatic change relative to the
pristine MAPbI;_,Cl, followed by DIO. In addition to this, after
the number of crystals reached their maximum, N, continues
falling due to possible events of aggregation or Ostwald ripening
phenomena as well as collision with other crystals, represented
as open circles in Figure 5. The N, data presented here does not
consider these aggregation events due to their complexity and
therefore only data from the early part of the process, i.e., before
it starts to decrease, is considered.

According to the data in Figure S, we can infer that the
increase in N, is due to the small amounts of either of the
additives dispersed through Brownian motion in the wet film,
functioning as nucleation centers for the process of heteroge-
neous nucleation synchronously occurring with homogeneous
nucleation. The additive surface decreases the barriers to
nucleation because of the reduction of the interfacial free energy.
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Figure 5. Evolution of the number of particles N, for MAPbI;_,Cl, and

additives. The plots at the bottom show the number of new particles
appearing for every frame.

The presence of these entities could be associated with the
nucleation mechanism of saturation by pre-existing nuclei.
Notwithstanding, if there are pre-formed nuclei (Pbl,—DMF or
MAPbI,_,Cl,—additive—DMF complexes), they cannot be
detected and differentiated at the magnification used. Figure §
also shows histograms of new crystals as a function of time for
each ink, indicating that none of the inks present a continuous
rate of growth.

To further understand the growth kinetics of mixed halide
perovskite deposited by bar coating, the growth of crystals was
observed by real-time optical microscopy using a 60X
magnification lens; Figure 6 shows selected images of the
perovskite crystal evolution at Tyy, = 60 °C, and the complete
stacks are available as a video in the Supporting Information. To
compare the evolution of the crystal size, the effective radius is
defined as the square root of the area rg = \/A to permit
comparison directly between the complex nonspherical crystal
shapes. For the pristine ink, the crystals are in the shape of plate
dendrites and more complex morphologies, dendrites with
branches. These more complex structures are more commonly
observed when the temperature is increased. When the additives
are incorporated into the perovskite ink, the shapes take on
different forms, which are visible to the naked eye on the later
growth and the crystal size is smaller than the pristine
MAPbI;_,Cl.. For DIO, there is a combination of crosses and
some circular plate crystals appearing later. Finally, for HI, the
crystals are complex shapes; it was not possible to resolve the

Figure 6. Real-time sequence of images at 60X at Ty, = 60 °C of (a) MAPbI;_,Cl,, (b) MAPbI,_,Cl, + DIO, and (c) MAPbI,_,Cl, + HI. The scale bar

is 50 ym in all of the images.
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structure in detail because of the very small features with the
magnification used but only roundish crystals are observed.
The spatial location of the nucleation seed of the crystal was
transformed into a Voronoi tessellation to estimate the size
distribution of the crystals when N, has reached a maximum
value (see Figure S6). Each Voronoi space is considered as an
approximation of the final area of the crystals before forming a

film. Figure 7 shows the normal distributions of r.g calculated
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Figure 7. Particle size distribution of MAPbI;_,Cl, and with additives.

from the Voronoi diagrams; indeed, an inverse relation of r.gand
N, is observed, whereby low N; is associated with large r.q The
presence of additives decreases r.g from an average of 7.26 =+
1.35 to 6.74 + 1.31 um in the presence of DIO and to 5.68 +
1.10 ym when HI is added.

Five or more crystals were selected from the sequence of
images taken at 60X magnification and processed to calculate
the area of the crystal over time; the rate for each individual
crystal is shown in Figure S7 in the Supporting Information. The
sizes r.¢ of individual crystals confirm the same trend as the
Voronoi approximation; r.; of pristine MAPbI;_ Cl, grows
larger in size than MAPbI;_,Cl, + HI and MAPbI;_,Cl, + DIO.
The growth rate calculated is directly proportlonal to the total
flux of precursors or nuclei joining the crystals.’”

The rate of growth showed a different rate for each individual
crystal; an average of the pristine perovskite is around ~1.33 +
0.15 um s™". On the contrary, DIO and HI slightly accelerate this
process to ~1.37 + 0.37 and ~1.36 + 0.34 um s, respectively.
Indeed, independent of the precursor composition, the growth
rate of the crystals is linear due to the fact that the solute density
changes in the crystallization regime and can be estimated as
steady when the solute diffusion rate is similar to the solute
crystallization rate.

The size of the perovskite crystals is governed by the spatial
distribution of the nuclei, the number of nuclei, and the
temperature of the substrate, while a low number of nuclei
facilitates the growth of larger srzed crystals due to the lack of
competitors for nuclei precursor ® On the contrary, when N is
high, the new crystals have to compete with the already emstmg
neighbor crystals to accumulate more material resulting in
perovskite precursors having a smaller final size. At temperatures
close to ambient conditions, the lower nucleation density helps
to grow large crystals due to fewer competitors for solutes. o8
Also, at low supersaturation, the barrier energy is relatively large;
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hence, the appearance of particles with sizes larger than the
critical radius is less probable and just a few crystals are formed.
As the temperature increases, the number of crystals increases.
At 60 °C, it was observed that when the number of crystals is
high, the size is smaller due to the free energy of the system being
distributed in all of the crystals and it is shared among many
small crystals rather than just a few large crystals. Furthermore,
at high supersaturation, the energy barrier for a change of phase
diminishes and the number of new particles is even larger.
Moreover, based on the real-time observation of the crystal
growth, the final size of the mixed halide is the product of a
combination of factors such as nucleation density, speed of
deposition, and temperature of the substrate, and indeed, the
additives have a profound effect on the nucleation and growth of
mixed halide perovskites.

During the process of deposition and supersaturation, the wet
film may contain a distribution of clusters, nuclei, and crystals of
the perovskite precursors, which all may play a particular role in
the nucleation and growth, making identification of the main
actor in the process of crystallization difficult. To determine the
crystal structures present, XRD was performed on unannealed
and annealed MAPbI;_,Cl, samples (see Figure 8). The
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Figure 8. XRD patterns of unannealed (T, = 60 °C) and annealed
MAPbI,_,Cl, samples (Ty, = 60 °C and annealed for 1 h at 90 °C
followed by another hour at 100 °C).

unannealed XRD pattern shows the different peaks from PbIZ,
(110), (004), and (220) planes arise from the background.™

Thus, during the GISAXS and optical microscopy experiments,
an intermediate phase composed of crystalline PbI, and
perovskite precursors was analyzed. The structural behavior
behind the crystallization of MAPbI,_,Cl, has been deciphered
by Stone et al. and in agreement with our previous report®®
where it was found that the precursor film is formed by 1D
chains of MA,PbI;Cl coexisting with disordered MACI. The
former forms a pinhole-free film, while the latter dramatically
hinders the formation of MAPbI,_,Cl, and it must first
evaporate before the MA,PbI,Cl converts to perovskite and
yet more MACI, which is liberated as a gas. The conversion
process to perovskite is slowed by the time taken for the
disordered MACI to evaporate.”* In contrast, the annealed
sample shows a strong preferential orientation along the (110)
and (220) planes, suggesting a complete formation of the
tetragonal perovskite structure. Blade-coated or bar-coated
perovskites also require long annealing times e.g.,, 1 h at 90 °C
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Figure 9. Schematic representation of the nucleation and growth process of perovskites. After the ink has been spread, a wet film is formed. First, the
perovskite precursors cluster, and once their radius is larger than the critical radius, they keep growing until they reach a maximum R, Finally, the nuclei
function as elemental units in the growth of the perovskite crystals. The presence of the additives accelerates the nucleation and affects the morphology

of the nuclei.

followed by another hour at 100 °C,” to fulfill the tetragonal
perovskite phase due to the presence of disordered MACl in the
process of film formation. As shown in Figure 8, the influence of
the additives on the final crystal structure formed is null; all
annealed samples present the same tetragonal phase, but the film
morphology varies significantly as evidenced by the microscopy,
confirming that the additives just have an impact on the process
of nucleation and growth of mixed halide perovskite but not on
the crystalline packing.

3.3. Mechanism of Nucleation and Growth. The
interpretation of the nucleation and growth is challenging;
these processes were divided into a series of stages based on the
real-time results presented above, and by considering the
understanding obtained from the overlapping parameters
obtained from the power law fitting, Guinier analysis, and the
effective radius from both optical microscopy and GISAXS, a
crystallization mechanism is proposed in Figure 9. The very
earliest formation probably follows a similar low-dimensional
process (possibly 1D) as shown for in situ spin casting.’® At the
induction time, precursors start forming clusters. Once R, is
larger than the critical radius, individual stable nuclei continue
growing. As shown by GISAXS for the additive-free films, the
growth follows a reaction-limited process, whereas the films with
additives follow a hindered diffusion-limited growth (presum-
ably due to the very large number of nucleation sites). Then,
those nuclei reach a maximum R, and they start forming crystals
of larger length scales through aggregation. The induction time
is diminished by the presence of DIO or HI, just as the
incubation time observed by the optical microscopy is reduced.
Furthermore, a slow nucleation results in reaction-controlled
growth; in contrast, a fast nucleation will follow a hindered
diffusion-controlled growth of mixed halide perovskite. Finally,
as observed in the optical microscopy, the growth of the
perovskite crystals continues with r.¢ following a linear trend of
lateral growth independent of the precursor composition.

4. CONCLUSIONS

In summary, we studied the crystallization of mixed halide
perovskites by bar coating under ambient conditions in real-time
using optical microscopy and GISAXS. The laboratory-scale bar
deposition system can be used to fabricate high-quality
perovskite thin films, narrowing the gap between industrial-
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scale production and research laboratory experiments, while also
reducing the waste of precursors during deposition.

Significantly different kinetics were caused by the presence of
DIO or HI, which speed up the nucleation, increasing the
number of crystals, affecting their morphology, and promoting
heterogeneous nucleation. Nevertheless, the small amounts of
additives used do not alter the crystalline packing of perovskites
in the final thin films. The presence of the additives, e.g., DIO
and HI, changes the speed of the nucleation along with the mode
of growth from reaction-controlled growth for the pristine
MAPbDI;_,Cl,, which follows an ~t,5, power law to a possibly
hindered diffusion-controlled growth in the presence of HI and
DIO, which grow following an ~t,,3 and ~t,;; power laws.
Crystal size evolution of mixed halide perovskites studied by
real-time optical microscopy late in the growth process showed
that the effective radius of the crystals constrained within the
thinning film as the solvent evaporates followed a linear pattern
of lateral growth independent of the precursor composition.
This study has gone some way toward enhancing our
understanding of nucleation and growth of mixed halide
perovskites under ambient conditions.
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