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Understanding Differences in the Crystallization Kinetics
between One-Step Slot-Die Coating and Spin Coating of
MAPbI; Using Multimodal In Situ Optical Spectroscopy

Konstantin Schétz, Christopher Greve, Arjan Langen, Harrie Gorter, llker Dogan,
Yulia Galagan, Albert J. J. M. van Breemen, Gerwin H. Gelinck, Eva M. Herzig,

and Fabian Panzer*

To develop a detailed understanding about halide perovskite processing from
solution, the crystallization processes are investigated during spin coating
and slot-die coating of MAPDbI; at different evaporation rates by simultaneous
in situ photoluminescence, light scattering, and absorption measurements.
Based on the time evolution of the optical parameters it is found that for both
processing methods initially solvent-complex-structures form, followed by
perovskite crystallization. The latter proceeds in two stages for spin coating,
while for slot-die coating only one perovskite crystallization phase occurs.

For both processing methods, it is found that with increasing evaporation
rates, the crystallization kinetics of the solvent-complex structure and the
perovskite crystallization remain constant on a relative time scale, whereas
the duration of the second perovskite crystallization in spin coating increases.
This second perovskite crystallization appears restricted due to differences

in solvent-complex phase morphologies from which the perovskite forms.
The work emphasizes the importance of the exact precursor state properties
on the perovskite formation. It further demonstrates that detailed analyses
of multimodal optical in situ spectroscopy allows gaining a fundamental
understanding of the crystallization processes that take place during solution
processing of halide perovskites, independent from the specific processing
method.

1. Introduction

Since the first reports on metal halide
perovskites applied as absorber material in
perovskite solar cells (PSCs), the efficiency
of the latter has increased rapidly and is
now at 25.5%.1 However, most highly
efficient PSCs are processed on mil-
limeter lab-scale dimensions using spin
coating. To process perovskite layers
from solution on a larger scale, methods
such as slot-die coating are relevant. With
slot-die coating, however, efficiencies
of larger-scale PSCs are typically lower
than their spin-coated counterparts.®711
The main reason for this processing-
dependent efficiency gap is seen in dif-
ferences in the final layer properties that
follow from the high complexity of the
perovskite film evolution.[®1:12]

Thus, numerous works investigated the
perovskite formation process using in situ
characterization methods.[%3-81 Besides
scattering techniques,’®24 also optical
spectroscopy,?>28 with, e.g., absorption
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and photoluminescence (PL) being measured in parallel during
processing of halide perovskites from solution, or even combi-
nations of scattering and optical spectroscopy,?*3% allowed to
gain insights into the perovskite formation process.

Based on these studies, different structural dynamics, such
as the formation of intermediate phases were observed during
the early stages of solution processing, i.e., before the actual
perovskite crystallization.? In the case of coating the halide
perovskite methylammonium lead iodide (MAPDI;) from
dimethylformamide (DMF) solution, the intermediate phase
was associated with solvent-complex structures of the form
(MA),(DMF),Pb,I.3? These lead to needle-like structures in the
final film,[®3% since the perovskite crystallization emanates from
the complex structures retaining the needle-like morphology.

The needle-like solvent-complex morphology often results in
an incomplete film coverage, detrimental for device efficiency.l’!
Thus in the past, strategies were developed to prevent the for-
mation of needle structures during perovskite processing, real-
ized by introducing additional processing steps, such as solu-
tion engineering approaches or heating steps.**-3% However, the
implementation of such additional processing steps are often
laborsome to realize, especially in industry-relevant approaches
such as role-to-role slot-die coating.””! Thus, ensuring a suc-
cessful transfer of one-step solution processing of halide perov-
skites from spin coating to slot-die coating currently is a highly
desired, yet not fully realized goal in the field.*8l

To better control the crystallization processes and hence
the subsequent film morphology across different processing
methods, two aspects are crucial to address: First, we need
to understand better how the crystallization of the solvent-
complex structures is influenced by changes of the drying
conditions, and secondly, how the subsequent perovskite crys-
tallization kinetics are affected by differences in the solvent-
complex structures.

In this work, we compare the crystallization kinetics that occurs
during the processing of MAPbI; from DMF precursor solution
via spin coating and slot-die coating. To change the crystallization
kinetics, we systematically control the solvent drying conditions
in both methods by changing the spin speed during spin coating
and by changing the airflow above the wet film during slot-die
coating using an air knife. To monitor the crystallization pro-
cesses, we use multimodal in situ spectroscopy measuring in par-
allel absorption, PL, and light scattering during solvent-complex
and subsequent perovskite formation. While absorption and PL
give information on the formation of the perovskite, monitoring
the evolution of scattered light enables quantifying the crystal-
lization kinetics of optically inactive solvent-complex structures.
This allows us to reveal that the crystallization mechanism of the
complex structures appears to be independent of the processing
method, whereas differences in the kinetics of the subsequent
perovskite crystallization exist. In contrast to the case of slot-die
coating, during spin coating we observe a second perovskite crys-
tallization process, which is restricted due to higher polycrystal-
linity of the complex structures.

2. Results and Discussion

To monitor the optical properties in situ during MAPDI;
processing from solution, we used the setup described by
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Buchhorn et al.®! In brief, a white light LED is located below
the substrate on which the perovskite precursor solution is pro-
cessed. An optical fiber above the substrate detects the white
light transmitted through the substrate and the material during
processing. From this transmission spectrum, together with the
transmission spectrum through a blank substrate (e.g., meas-
ured before the processing), the optical density (OD) is calcu-
lated. ! However, not only the absorption of the perovskite will
contribute to the OD, but also the scattering of the white light
at scattering centers in the investigated sample. To differentiate
between the two effects, we use an additional LED, emitting at
2.5 eV (490 nm) placed above the substrate.’) This allows to
better distinguish between absorption and scattering effects,
as more scattering leads to an increase, while more absorption
leads to a decrease of the detected scattering signal. In the fol-
lowing, we refer to this additional LED as “scatter-LED.” PL is
excited with a laser placed above the substrate and detected by
the same optical fiber. A detailed description of the setup and
optical detection system can be found in Figure S1 in the Sup-
porting Information.

2.1. Spin Coating of MAPbI;

We processed MAPDI; thin films by one-step spin-coating
a DMF precursor solution with a concentration of 0.7 M at
eight different spin coating rotation speeds between 500 and
2000 rpm at ambient conditions (room temperature (RT),
50%—60% relative humidity). For example, Figure 1 shows the
evolution of PL, scatter-LED signal, and OD within the first
125 s of spin coating at 2000 rpm (see Figure S2, Supporting
Information for other spin speeds). For the different optical
properties, heat maps (bottom panel) together with spectra at
selected times (top panel) after the start of spinning (corre-
sponding to ¢t = 0) are shown. While any PL is absent within
the first 20 s (Figure 1a), a constant intensity of scattered LED
light is present (Figure 1b), which we attribute to (time-invar-
iant) light scattering at the chuck below the substrate and at
the interfaces of substrate-solution and solution-air. Within this
first time range, the OD spectra (Figure 1c) exhibit a wavelike
modulation around zero intensity, where the periodicity of the
modulation increases with spin coating time. This modulation
is due to thin-film interference.***!l From the periodicity of the
modulation, together with the refractive index in which the
interference occurs, the layer thickness can be calculated. By
doing so, we find that the layer thickness of the solution drops
to about 1 um within the first 20 s of spin-coating (Figure S3,
Supporting Information).

Up to 30 s no PL is observed (Figure la), whereas the
detected intensity of the scatter-LED doubles within 5 from 22 s
onward (Figure 1b). Concomitantly, the OD at 1.55 eV increases
from 0.0 to about 0.2, while the OD spectrum is nearly flat
(Figure 1c). The increase in OD and I, suggests the forma-
tion of structures at which the light from the white LED and
the light from the scatter-LED are scattered. Due to the absence
of any PL signature and absorption edge in the OD spectrum,
we exclude the formation of MAPDI; to cause the increase in
OD and Iy Instead, we associate the appearance of the scat-
tering centers with the formation of solvent-complex structures
of the form (MA),(DMF),Pb,l;, as they were observed to occur
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Figure 1. Spectra (top) and heat maps (bottom) of a) photoluminescence (PL), b) light scattering, and c) optical density (OD) measurement during

the spin coating of a MAPbI; film at 2000 rpm.

during one-step processing of MAPDI; from DMF,[6:324042] and
call the time of their onset ) complex- The light scattering from
the solvent-complex structures results in a spectrally constant
lift of the OD from fyompiex Onward (Figure S4, Supporting
Information), suggesting that at this stage, the solvent-complex
structures already exhibit sizes larger than the wavelength A4 of
the scatter-LED, i.e., >0.5 pm.[*}

After 32 s, a broad, asymmetric PL peak appears at about
1.7 eV, where the high-energy edge is flatter than the low-
energy edge (Figure 1a). The PL peak, which is associated with
MAPDI; nuclei,®! then shifts quickly to lower energies and
becomes narrower. Almost simultaneously to the rise of the
MAPDI; PL, the detected intensity of the scattered LED light
starts to decrease by about 30% of its maximum value within
5 s (Figure 1b), indicating the reduction of scattering species
within the system. Between 30 and 40 s, the OD remains essen-
tially unchanged except for a slight increase in OD intensity
above =2.0 eV (Figure 1c).

For t > 40 s, the intensity of the PL increases, the peak
width decreases, and the PL peak position shifts to lower ener-
gies, reaching =1.62 eV at the end of the spin-coating process
(Figure 1a). In this latter time range, the intensity of the scatter-
LED signal continues to decrease, yet more slowly compared to
the decrease between 30 and 35 s (Figure 1b). The PL increase
and the decrease of the scatter-LED indicate a transition of com-
plex phase to MAPDI;.

In the OD spectra, the signature of the MAPDI; absorp-
tion edge appears in the form of an increase above 1.6 eV
from about 40 s onward (Figure 1c).** The absorption edge
becomes more intense toward the end of spin coating. Above
the MAPDI; absorption edge the OD is flat compared to the
expected absorption coefficient of MAPbI;,* suggesting that
the film is not fully covered by perovskites.3] In brief, a par-
tial coverage of the substrate allows a certain fraction of the
impinging light to pass the sample without being absorbed by
the perovskite. Thus, a partial film coverage results in a certain
minimum intensity of the transmitted light, which in turn sets
an upper limit for the detectable OD. When approaching this
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OD limit, the absorption spectrum becomes distorted and softly
clipped (i.e., flatter),[*}! similar to an electrical signal in a triode
tube gain stage upon grid-current clipping.9l

The observed changes of the optical spectra during spin
coating are indicative of a nucleation and growth behavior. To
access the crystallization kinetics of the complex phase and
perovskite phase in a quantitative manner, it is necessary to
extract the time evolution of different optical parameters, to
analyze them in detail thereafter.

Before explaining which optical parameters we consider and
how we extract them, we note that the evolution of the OD and
the scatter-LED signal over time extracted from the raw data
apparently exhibit a high degree of noise. Actually, the appar-
ently high noise levels result from an aliasing effect due to the
different frequencies of data acquisition and the rotating spin
coater chuck. Filtering the corresponding beat frequency from
the as-measured time traces significantly reduces the noise
level (Figure S5, Supporting Information), and we only con-
sider the filtered data for all further analysis.

To extract the time evolution of the PL peak position
(Figure 2a, solid line), we fit an asymmetric hyperbolic secant
to all detected perovskite PL spectra (see Figure S6, Supporting
Information for details). The PL fitting approach also allows
extracting the spectral positions where the PL has dropped to
1/e of the peak intensity on both sides of the peak-shaped PL
spectrum. This spectral region is indicated as shaded area in
Figure 2a, and with it, the evolution of peak asymmetry, as well
as reduction of the peak width can be accessed. We extract the
time evolution of the light scattering by considering the inte-
grated intensity of the scatter-LED signal (referred to as Iiager),
shown in Figure 2b. Furthermore, we extract the evolution
of the OD,4.y (Figure 2¢), i.e., at a photon energy above the
typical MAPbI; bandgap energy of =1.6 eV. Accordingly, the
OD; 3.y contains contributions from perovskite absorption and
contributions due to the scattering effects within the sample.
To extract the contribution from pure perovskite absorption,
we calculate the difference between the OD at 1.8 eV and at
1.575 eV, i.e., AOD = OD; gy — ODy 5750y (Figure 2d). Here we
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Figure 2. a—d) Time evolution of different optical parameters for spin coating with spin speeds of 2000 rpm (dark green), 800 rpm (green), and 500 rpm
(light green). a) PL peak position, with the grey shaded area indicating the spectral range where the PL intensity is above 1/e of the peak intensity.
b) Integrated intensity of the scatter-LED, I €) OD at 1.8 eV. d) AOD, i.e., the difference of the OD at 1.8 and at 1.575 eV. Vertical dashed lines
indicate the onsets t, of the different crystallization processes for a spin speed of 2000 rpm. e—h) Analyses of the optical parameters for spin coating at
2000 rpm. e) Average crystallite size determined from the PL peak position using Equation (1). The shaded area indicates the sizes depending on the
value of parameter b in Equation (1). f) The derivative of lse. g) The derivative of OD; g.y and h) AOD together with fits (green lines) as described
in the main text. Dashed vertical lines indicate the critical times t. of the different crystallization processes.

assume that an increase in OD; sysey, i-€., at energy below the
MAPDI; bandgap, is caused exclusively by light scattering.
This approach is a valid approximation to the absorption of the
perovskite only since the scattering contribution in the OD is
only weakly energy dependent. Additionally, the influence of
this energy dependence on the AOD is minimized by choosing
the OD at energies which are close to each other.

From Figure 2a—d it becomes clear that for all spin speeds
the different optical parameters proceed in the same qualita-
tive fashion as a function of spin coating time, though they are
slower for decreasing spin speeds.

Next, we want to gain a more detailed understanding of the
various crystallization processes occurring during spin coating,
based on a detailed examination of the evolution of the optical
parameters with time. This will be carried out in the following
as an example for the case of 2000 rpm.

As already discussed in Figure 1, the formation of solvent-
complex phase is reflected in the initial increase of OD g,y and
Licatter Starting from ty compiex. After the initial increase, both
signals saturate, followed by a rapid decrease of I ., onward.
This point in time we refer to as g pero1. A decrease of ey can
either result from a reduction of scattering structures or result
from increasing absorption at the wavelength of the scatter-
LED. The fact that OD;g.y increases during the decrease of
Liaer Speaks against a reduction in scattering structures.
Rather, e.g., after 40.5 s, OD spectra exhibit a slight increase
toward higher photon energies, in contrast to the flat OD
spectra before tg pero1 (€.g., £ = 30.2 s). This additional contribu-
tion to the OD spectra could stem from Rayleigh scattering at
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structures significantly smaller than the wavelength range of
the white light, as it would be the case for perovskite nuclei.
The initial perovskite nuclei are likely to exhibit a quantum
confinement effect, shifting the corresponding bandgap to
higher (e.g., > 1.8 eV) energies.”l Hence AOD calculated
based on OD; 4.y might not capture the appearance of absorp-
tion from perovskite nuclei that only absorb at higher ener-
gies due to a quantum confinement effect. Considering
the temporal evolution of AOD calculated based on OD, ,.y
(Figure S7, Supporting Information), indeed shows an increase
after topero1, Which is similar to the corresponding increase in
OD; g.v- Thus, we associate the decrease in Iy to stem from
an increase in absorption due to the formation of nanosized
perovskite crystals.

A formation of nanosized perovskite crystals is further sup-
ported by the fact that the first perovskite PL that could be
detected shortly after to e is at higher photon energies and
exhibits a flatter high-energy edge, compared to bulk PL spectra
of MAPbI; (Figure S8, Supporting Information). The broad-
ened PL in combination with the PL shift indicates that the
PL exhibits a quantum confinement effect due to a perovskite
crystal size below the corresponding quantum confinement
limit, which was found to be 20-30 nm for MAPDI;.¥->1 This
is also in line with the formation of first nanosized perovskite
crystals starting from £ yeror.

Finally, the beginning of a second perovskite formation
process is indicated by the significant increase in AOD, the
slower shift of PL peak position to lower photon energies, and
the slowing down of the decrease of I e, all starting from

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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topero2- Thus, independent from the spin speed, we observe
the crystallization processes occurring during spin coating to
proceed in the order i) formation of solvent-complexes (in the
following referred to as “solvent-complex phase”), ii) formation
of nanoconfined perovskite grains (“pero; phase”), iii) second
perovskite formation process (“pero, phase”).

As a next step, we analyze the decrease of the PL peak posi-
tion (Figure 2a) in more detail. The perovskite PL exhibits a
nanoconfinement effect. In such a case, based on quantum
mechanical considerations, it was suggested that the PL peak
position Ep; depends on the average crystallite size d by

E1>L(d):Eg+b/d2 1

where E, is the bulk PL position and b is a constant."?) We use
Equation (1) and calculate the evolution of the average MAPDI;
crystal size for the different spin speeds over time based on
the PL peak positions from Figure 2a. Since the parameter b is
reported to be in the range of 1-5 €V nm? for MAPbI,°%%3 we
use an average value of 3 eV nm? and E, = 1.59 eV (Figure S8,
Supporting Information). Figure 2e exemplarily shows the time
evolution of the average crystal size calculated this way for spin
coating at 2000 rpm. We consider the average crystal sizes that
result when using 1 and 5 eV nm? in Equation (1) as upper
and lower error limits, respectively. The resulting error range
of average crystal sizes is indicated as the grey shaded area.
After about 32 s, the average perovskite crystal size d increases
fast from 4 to 6 nm within 6 s and then increases more slowly,
reaching 10 nm after 110 s. Using linear fits in the time range
of the fast (purple solid line) and slow increase (green solid
line) of d allows extraction of perovskite crystal growth rates of
0.32 and 0.06 nm s7!, respectively.

To interpret the average crystallite sizes and thus the growth
rates in a substantiated manner, one must also consider that in
general, the strongest contribution to the overall confinement
effect stems from the shortest length within a crystal.’!l This
means that in crystal structures where only one length is below
the confinement limit, a quantum confinement effect still
occurs.’! Thus the growth of perovskite crystal size during the
pero, phase is not necessarily inhibited in all spatial directions,
but at least in one.

In general, self-absorption effects can have a significant
influence on the PL properties,**>>8 where the PL peak is
shifted to lower energies and/or even additional PL features at
lower energies compared to the intrinsic PL can appear.l*0:>4-57]
If self-absorption was significant in our data, its impact would
become more significant with time, as more perovskite phase
is present in the sample. With time, the average crystal size
calculated according to Equation (1) would more and more
overestimate the actual crystal size and thus the corresponding
extracted growth rate. However, since in Figure 2a, the PL peak
position is always at significantly higher energies than the bulk
PL of MAPDI;, self-absorption appears to be negligible in our
data.

In Figure 2a—d we identified the onset-times of the solvent-
complex phase, pero; phase, and pero, phase. To quantify the
kinetics of the different crystallization processes in more detail,
we analyze the time evolution of the optical parameters shown
in Figure 2b-d.
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We follow an analysis approach that we used previously
to determine the kinetics of the recrystallization process of
MAPDI; during solution-based two-step processing.*”! To this
end, we calculate the derivative of [ and OD; g oy With time
from Figure 2b,c. This results in peaks that occur at the times
of the different crystallization processes in the corresponding
dgcaper/dt and dOD/dt diagrams. Using Gaussians, we fit these
peaks and associate the time of a peak maximum with the crit-
ical time t,, and the width w = 20 with the duration of the indi-
vidual crystallization processes.

This analysis procedure is exemplified in Figure 2f,g for
the measurement at 2000 rpm. Due to the clear peak sig-
natures of the solvent-complex formation process in both
dlgaper/dt (Figure 2f) and dOD/dt (Figure 2g), we can extract
te complex = 23.2 £ 0.4 s and width weompiex = 1.7 £ 0.6 s. The steep
decrease of Iy Observed from tg e onward in Figure 2b,
manifests itself as a peak to negative values at f. per1 in Figure 2f.
This peak is significantly more intense than the corresponding
feature of the pero, phase in the dOD/dt graph (Figure 2g).
Thus a reliable quantification of both f pere1 = 30.9 s and the
corresponding Wpere1 = 3.1 s is possible from dIyer/dt. How-
ever, in both dl,ue/dt and dOD/dt, the noise level obscured
any signature of the pero, formation phase. To not worsen
the signal-to-noise-level by calculating dOD;g .y/dt, we ana-
lyze the evolution of AOD directly by fitting the error function
(that is, the integral of the Gaussian function used above) to
the transition (Figure 2h). This allowed to quantify the pero,
formation process satisfyingly, where we obtain . pero; = 62.7 s
and wper,; =52.2 s. Overall, it is possible to quantify the critical
times t. and corresponding temporal durations of all three crys-
tallization processes (solvent-complex formation, pero; phase
and pero, phase formation) that appear during spin coating.

The different t. and widths for the different crystallization
processes are shown in Figure 3a as a function of the spin
speed. Here, the time sequence of film formation is represented
in a columnar form, and the time ranges in which the different

Phase Formation: Complex
mm Pero, == Pero,
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Figure 3. a) Color bar representation of the critical times t. and widths of
the different crystallization phases. b) Perovskite growth rates extracted
from the evolution of average crystal size during spin coating (see
Figure 2e for 2000 rpm), as a function of spin speed.
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crystallization processes occur are colored. The temporal posi-
tion and width of the colored areas correspond to the t. and the
width w, i.e., each colored area covers the time range t. £ w (see
also Figure S9 in the Supporting Information for a separated
representation of t. and w). As expected, t. and corresponding
width of all crystallization processes decrease with increasing
spin speed due to the accelerated solvent evaporation, i.e., all
crystallization processes occur earlier and faster with increasing
rpm (also see Figure S9, Supporting Information). It is also evi-
dent from Figure 3a that the time duration of the pero, forma-
tion relative to the time durations for the complex phase and
pero;-phase tend to increase with spin speed.

Figure 3b shows the perovskite growth rates extracted fol-
lowing the analysis approach from Figure 2e, as a function of
spin speed, where the growth rates at early times (r}) are about
an order of magnitude higher than the growth rates at later
times (r,), with both rates increasing for increasing rpm.

Thus, so far, we could establish all analytical approaches
to identify and quantify the different crystallization processes
occurring during spin coating. Next, we use these analytical
approaches to also investigate the crystallization processes that
take place during slot-die coating.

2.2. Slot-Die Coating of MAPbI;

We processed MAPDbI; thin films by slot-die coating, using the
same precursor solution and ambient conditions as for spin
coating, and monitored the film formation by in situ optical
spectroscopy. Due to technical reasons, the scatter-LED imple-
mentation, as used in the spin coating measurements, was not
feasible in the slot-die coater. To still be able to monitor the scat-
tering of solvent-complexes during the processing, we exploit
the ambient room light that was available during all slot-die
coatings and measured its scattered intensity. However, in con-
trast to the scatter-LED, the room light is also present during

www.advopticalmat.de

the OD measurement. Consequently, the background correc-
tion recorded before the coating loses its validity upon the for-
mation of scattering centers during slot-die coating. This can
lead to distinct spectral features of the room light appearing in
the OD spectra. Nevertheless, because of the distinct spectral
signatures of the room light, it can be easily distinguished from
the optical signatures of solvent-complexes and MAPbI;.

To control the crystallization kinetics during slot-die coating
we use an air knife, mounted just above the carrier parallel to
the substrate. With increasing air pressures from 0.5 to 4 bar
through the air knife, solvent evaporation can be increased (see
Figure S1, Supporting Information for technical details).

Figure 4 shows the evolution of optical properties meas-
ured during slot-die coating using an air pressure of 4 bar (see
Figure S10, Supporting Information for other air pressures).
Analogous to Figure 1, Figure 4 shows the PL, the scattered
room light, and the OD as a heat map (bottom panel), together
with individual spectra at selected times (top panel). The time
axis was chosen so that t = 0 coincides with the moment the
slot-die head reaches its final position after dispensing the pre-
cursor solution on the substrate, which is =1.5 s (see the Sup-
porting Information for technical details).

Within the first 70 s of slot-die coating, no optical signatures
of both perovskite and complex structures were observed and
no periodic modulation in the OD spectra was present. A lack
of modulation in the OD spectra suggests that the height of the
solvent layer that could cause an interference effect is larger
than the coherence length of the detected light (=um range).
The corresponding analysis in the case of spin coating sug-
gested that the first spectral modulations were linked to a
highest detectable layer thickness in the range of =10 pum
(Figure S3, Supporting Information). As we used the same
white LED also in the slot-die coating experiments, the absence
of modulations in the OD spectra in Figure 4c suggests that the
solvent level at the moment of the initial complex phase forma-
tion was at least =10 um.
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Figure 4. Spectra (top) and heat maps (bottom) of a) photoluminescence (PL), b) light scattering, and c) optical density (OD) during the slot-die
coating of a MAPbDlI; film at an air knife pressure of 4 bar. The drop of the PL between 160 and 170 s is due to a fluctuation of the power of the excita-

tion laser.
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In the time range from 70 to 90 s, the optical signatures of
growing solvent-complex structures become apparent, with the
intensity of the scattered light increasing significantly, while
concomitantly, the OD increases almost independent from the
photon energy. As expected (vide supra), the increase in scat-
tered room light leads to distinct features (e.g., near 2.0 eV) in
the OD spectra, while no OD or PL signatures of MAPDI; are
yet detectable.

After 90 s a PL peak at 1.7 eV appears, which shifts to lower
energies for longer times, reaching a final PL peak position of
1.59 eV after 160 s. This final PL peak position matches the PL
peak position of bulk MAPbI;. Compared to the spin coating
case the PL intensity is lower, which we associate with a reduced
sensitivity for light detection of the measurement setup when
implemented at the slot-die coating setup. Simultaneous to
the appearance of PL signal, the intensity of the scattered light
decreases, reaching a constant intensity after about 120 s, indi-
cating the transition from complex to perovskite phase as was
also seen in the spin coating case. Starting from about 100 s,
the OD increases more steeply, and concomitantly, an absorp-
tion edge of MAPbI; at 1.65 eV becomes apparent (see OD at
t=100 s), gaining intensity at later times (see OD at t = 162.6 s).
As in the case of spin coating, the flat shape of the OD above
the absorption edge indicates incomplete substrate coverage
also in the case of slot-die coating.*’]

Analogous to the procedure in Figure 3, we extract the evolu-
tion of different optical parameters over time for all measured
air knife pressures, which is shown for PL peak position and
OD at 1.8 eV in Figure 5 (see Figure S11, Supporting Informa-
tion for the evolution of AOD and I ). The PL peak posi-
tion was determined in the same way as in Figure 2a. For
the sake of clarity, the decay to 1/e is not indicated here (see
Figure S12, Supporting Information for a more detailed version
of Figure 5a).

For all air knife pressures, the PL peak shifts from 1.7 to
1.59 eV and saturates thereafter (Figure 5a). As in the case of
spin coating, we interpret the appearance of a PL signal shifted
to higher energies than typically observed for the corresponding
bulk value as the signature of perovskite nuclei exhibiting a
quantum confinement effect. These nuclei grow continuously

0.5 bar — 1 bar — 2 bar — 4 bar

200 400 600 800

Time (s)
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in size, indicated by the shift of the PL peak position to lower
energies. The saturation of the PL peak position at the energy
of the bulk MAPDI; PL (Figure S8, Supporting Information),
which occurs for at all air pressures used here, suggests that
the perovskite crystallites grow to sizes larger than the length
scale of the confinement limit (20-30 nm).!

The time evolution of OD;g .y exhibits a two-step increase
for all air knife pressures (Figure 5b). Further considering the
signatures in the evolution of I 4., and AOD (Figure S11, Sup-
porting Information), we associate the first OD increase with
the formation of complex phase and the second increase with
the formation of perovskites. Thus, in contrast to the spin
coating, for slot-die coating only one perovskite crystallization
process occurs.

We extract t. and corresponding widths based on the evo-
lution of the optical parameters from Figure 5a,b and Figure
S11 in the Supporting Information, analogously to the analysis
methods used in Figure 2f-h. Figure 5c shows t. and widths of
the complex (orange) and perovskite formation (blue) on a loga-
rithmic time scale, in the same way the times and durations of
the crystallization process occurring during spin coating were
presented in Figure 3a (see Figure S13, Supporting Informa-
tion for alternative version). As expected, as solvent evapora-
tion accelerates with increasing air knife pressures, complex
and perovskite formation occur at earlier times and their time
widths are reduced. No significant increase in the width of
perovskite phase formation relative to the width of complex
phase formation seems to occur in Figure 5c for increasing
evaporation rate (i.e., for increasing air knife pressures). This
constant relative width of perovskite crystallization is reminis-
cent to the evolution of the pero; width, but clearly contrasts the
corresponding relative widths for the pero, phase in the case of
spin coating (Figure 3a).

Analogously to Figure 2e, we estimate the evolution of
average perovskite crystallite sizes from the evolution of the
PL peak position over time. From the time-dependent increase
of the perovskite crystal size, we extract the growth rate of the
perovskite crystallites (see Figure S14, Supporting Informa-
tion), which is plotted as a function of air pressure in Figure 5d.
We find the growth rate to increase with air knife pressure,

Phase formation: Complex [l Perovskite
T T T T T
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[ — ]
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Figure 5. a) PL peak position and b) OD; 4,y for slot-die coating with different air pressures at the air knife. c) Critical times t. and widths w of the
complex (orange) and perovskite (blue) phase formations and d) perovskite growth rate as extracted from the PL peak position using Equation (1) as

a function of the air pressure at the air knife.
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exhibiting values in a similar range as those extracted during
the early perovskite crystallization for spin coating (compare r).
We note that since the PL peak position saturates at the value of
bulk MAPDI; for all air pressures, we conclude that self-absorp-
tion again has a negligible or only minor effect on the PL peak
position in our measurements.

In summary, analogously to the analysis for spin coating,
the different crystallization processes during slot-die coating
were quantified and the findings of the spin coating were
used to identify qualitative differences and similarities in the
crystallization behavior between spin and slot-die coating. In
the following, we aim for a systematic and quantitative com-
parison of the crystallization processes of the two processing
methods.

2.3. Comparison of Spin- and Slot-Die Coating

If the crystallization mechanisms do not change, a higher evap-
oration rate would only result in a corresponding decrease of
the crystallization durations and a corresponding reduction of
their time differences. Accordingly, one would expect that with
suitable normalization, the relative crystallization durations
should be independent of the evaporation rate.

We thus aim for considering the durations of the various
crystallization processes identified in Figures 3a and 5c relative
to each other. We first consider the slot-die coating process, and
by using the widths and times of the crystallization processes
obtained in Figure 5c, we normalize to the time difference
At = tepero = tecomplex- TO do this, we subtract the time . complex
from all different times, so that f. compiex always is 0. Then we

www.advopticalmat.de

divide all times (t. and widths) by the absolute value of At,, so
that after normalization t. ey, is 1 (Figure 6a).

From a zoomed-in version of Figure 6a, it becomes clear that
the widths of the complex formation and perovskite formation
are nearly independent of the air knife pressure (Figure 6b).
This supports the hypothesis that an increase of the air knife
pressure leads to an acceleration of the film formation, but the
mechanisms of the crystallization processes do not change in
the case of slot-die coating.

In analogy to Figure 6a, we normalize the t. and widths of
the spin-coating crystallization processes from Figure 3a for
all investigated spin speeds (Figure 6c¢). For the normalization
we consider the pero; formation, i.e., f. ,ero1 and corresponding
time duration (see Figure S15, Supporting Information for a
version normalized to fperop). In Figure 6c, the pero, forma-
tion takes a large fraction of the overall film formation time on
this relative time scale, with the width and critical time of the
pero, formation increasing with increasing spin speed. In con-
trast, the relative widths of the solvent-complex phase (orange)
and the pero; phase (blue) are largely independent of spin
speed (Figure 6d). Furthermore, the relative widths of complex
formation and pero; formation for spin coating and slot-die
coating are similar (Figure 6¢,d). This suggests that the crystal-
lization mechanisms of solvent-complexes and the subsequent
perovskite crystallization are comparable in both processing
methods, whereas the crystallization of the pero, crystallization
phase in spin coating differs from the other perovskite crystal-
lization processes.

The independence of the formation mechanism of the sol-
vent-complex structures from the processing method suggests
that . complex OF Width Weop e, are most suitable as independent
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Figure 6. Bar chart of critical time t. and widths w of the phase formations upon slot-die coating a,b) and spin coating c,d), normalized to
Ate =tcpers = tejinten 1484, tinter 1S 0 aNd te pero is 1. b,d) Zoom-in versions of (a,b).
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Figure 7. a) At = tc pero — tc.complex aNd b) width of the perovskite forma-
tion Wpyer, as a function of the width of the complex phase formation
Weomplex fOr slot-die coating (black squares) and first (peroy, red circles)
and second (pero,, blue circles) perovskite crystallization during spin
coating. ¢) Microscopy images of spin coated (left panel) and slot-die

coated (right panel) thin films with comparable Wcompiex (for complete
list of microscopy images see Figure S17 in the Supporting Information).

parameters to systematically compare the perovskite forma-
tion kinetics between spin coating and slot-die coating. As the
time zero is often difficult to determine precisely and thus also
te complex 1S, We US€ Weomplex a8 @ common parameter and plot
both Ate = t. pero = tecomplex ANd Wpero s a function of Wegmplex for
the different perovskite crystallization phases (Figure 7).

In general, At increases linearly with increasing weomplex
(i.e., with decreasing air pressure or spin speed), with the
values for slot-die coating (At g, black squares) and for the
first perovskite crystallization in spin coating (At yero1, Ted cir-
cles) exhibit virtually the same increase (Figure 7a). This further
indicates that the mechanism of these two perovskite crystal-
lization processes is similar. In contrast, the value for the pero,
crystallization (At peroy, blue circles) increases more steeply, i.e.,
for a certain We,mplex the pero, crystallization in spin coating
occurs considerably delayed compared to the perovskite forma-
tion in slot-die coating. The different slopes between At pero, in
spin coating and At o (and At ,ero1 respectively), suggest that
the mechanism of the pero, crystallization in spin coating dif-
fers from the corresponding mechanism of the one in slot-die
coating (and from the first perovskite crystallization in spin
coating respectively).
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This difference in crystallization behavior is also reflected
in the dependence between Wy, and Weomplex (Figure 7b). Here
Wpero Of the slot-die coating and wpero1,opin Of the spin coating
increase linearly with Weomplex, exhibiting almost identical
slopes. In contrast, Wyerey,spin €Xhibits a non-linear dependence,
with a steep increase followed by a flattening out for larger
Weomplew always at values higher than wyero1 spin a0d Wpero siot-

Plotting the perovskite growth rates extracted from the
PL peak shifts as a function of width wemplex, shows that the
rates associated with pero; during the spin coating are similar
to those associated with the perovskite growth during slot-die
coating, and both decrease similarly with increasing weomplex
(Figure S16, Supporting Information). In contrast, the growth
rate occurring during the pero, formation is significantly
diminished by about one order of magnitude. This is in line
with the assumption that the mechanism of perovskite crystal-
lization during slot-die coating and the pero; crystallization in
spin coating is similar, while the pero, crystallization in spin
coating is more restricted.

To understand the impact of the different crystallization
mechanisms on the final film morphology, we took micros-
copy images of the films processed by spin coating and slot-
die coating, where in Figure 7d films with similar weqppiex are
shown. This, for example, was the case for a spin speed of
800 rpm (Weomplex = 5.6 s) and an air knife pressure of 4 bar
(Weomplex = 5.3 8). As expected, both films show a needle-like
morphology determined by the complex structures with an
incomplete film coverage. For both processing methods, it
can be observed that the film coverage becomes more homog-
enous, and the needle structures become smaller with faster
drying kinetics (Figure S17, Supporting Information). In gen-
eral, the needles are arranged in bundles, with a certain pref-
erential direction. However, the degree of orientation of the
bundles seems to be somewhat less pronounced in the slot-die
coated film than in the spin-coated film. The dark areas inside
the needles in both films correspond to perovskite phase,
suggesting that the latter forms within the solvent-complex
structures.

Furthermore, in the slot-die coated film, the yellow out-
of-focus areas demonstrate that the needles in the center of
the bundle are not in the focal plane of the microscope. This
suggests that in the center of the bundles, needles grew also
into vertical direction. For the film processed by spin coating,
growth of the needles out of the focus plane can only be
observed, at higher magnification (i.e., smaller focus depth),
for the slower spin speeds (Figure S17, Supporting Informa-
tion). Furthermore, profilometry measurements of the dif-
ferent spin coated films show that with increasing rpm, the
mean height of the thin film decreases (Table S1, Supporting
Information). In summary, these results suggest that the
needle morphology in spin coating is flatter than in slot-die
coating.

Thus, despite similar complex phase formation dynamics,
the final film morphology between slot-die coated and spin
coated films clearly differs. Since the perovskite phase forms
and grows within the needles of the complex phase, it stands
to reason that differences in solvent-complex phase mor-
phology are responsible for the differences in perovskite growth
between spin and slot-die coating.
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2.4. Discussion

Based on the previous results, all the necessary knowledge
could be derived to develop a complete picture of the differ-
ences in crystallization processes during spin- and slot-die
coating, which will be discussed in the following. The sequence
of crystallization processes, normalized to the duration of com-
plex phase formation, analogously to the procedure in Figure 7,
is illustrated in Figure 8.

As inferred from the temporal increase of Iy, and OD,
in both processing methods needle-like solvent-complex struc-
tures crystallize first (Figure 8a).?%!

Independent from the specific solution processing method,
the formation process of the complex phase follows from
a supersaturation-induced heterogeneous nucleation and
growth process, as suggested by Fong et al. . Upon their first
detection, i.e., from ty.omplex ONWard, the needles are already
um-sized, as suggested by the scattering contribution of the sol-
vent-complex structures being independent of photon energy.
For both processing methods the size of the needles increases
to above =50 um in the final film (Figure S17, Supporting
Information).

However, in spin coating, the white light interference in the
OD spectra at the beginning of the processing revealed that at
the time of the first detection of the complex structures, the sol-
vent level had already dropped to a few um. Accordingly, in the
case of spin coating, we conclude that the growth of needles
perpendicular to the substrate is limited by the decreasing sol-
vent level from a certain point during spin coating. Further, for
increasing rpm we observed that the solvent level just before
to,complex decreases (Figure S3c, Supporting Information), while
at the same time the complex phase formation accelerates
(decreasing weomplex Figure 3b; Figure S9, Supporting Informa-
tion). This indicates that for increasing rpm, the decreasing sol-
vent level influences the growth of the complex phase needles
over a longer relative time span. As it is possible to explain the
flat needle morphology to be the result of the decreasing sol-
vent levels, shear forces in the needles, induced by centrifugal
forces during substrate rotation, might not alter the needle
growth direction significantly in case of spin coating.

In contrast, in slot-die coating the solvent level just before
to,complex cOuld be estimated to be at least 10 um. This might sug-
gest that the complex phase formation during slot-die coating is
not significantly limited by the solvent level (Figure 8b). This
fits with the needle structures observed in Figure 7, some of
which protrude considerably upward in the slot-die coated
sample, whereas a flat needle morphology is present in the
spin-coated sample.

After the complex structure formation, the perovskite crystal-
lizes within the complex structures (Figure 8c), which could be
inferred from the time evolution of the optical parameters and
from the microscopy images (Figure S17, Supporting Informa-
tion). Examining the formation kinetics of perog, and pero; gy,
similar growth rates (Figure S16, Supporting Information) and
At values (Figure 7a) for comparable wempiex (Figure 7a) indi-
cate that their crystallization behavior is similar (Figure 8d).

However, in contrast to slot-die coating, a significant reduc-
tion of the perovskite growth rate in at least one spatial direc-
tion occurs in spin coating after exceeding an average crystal
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Figure 8. a—e) lllustration of the crystallization processes occurring
during spin- (left) and slot-die coating (right) on a relative time axis,
which is normalized to the duration of the complex phase formation.
Supersaturated precursor solution leading to the initial solvent-complex
phase nucleation is depicted in orange, while solvent-complexes are in
beige and perovskite nuclei in brown. f,g) SEM images of a spin-coated
MAPblI; thin film f) and a film obtained by drop casting g). For full list of
SEM images see Figure S18 in the Supporting Information.

size of about 5-7 nm (Figure 2e). This suggests a restricted
crystallization for pero, g, compared to perogy and pero; g
In addition to the reduced growth rate, the second perovskite
formation process during spin coating proceeded over a longer
relative time span than the first perovskite formation phase, an
effect that intensified with increasing spin speed (Figure 7b).
These results suggest that the changed crystallization properties
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of pero, i, are related to the flattened needle-like morphology
of the complex phase. The growth rates we observe (Figure S16,
Supporting Information) are significantly lower compared
to values reported for other synthesis approaches where the
perovskite forms directly, ranging from about 10 nm s to
1 wm s71[40.60-621 This indicates that perovskite formation from a
solvent-complex phase is considerably slower than direct perov-
skite phase formation from solution. Accordingly, it is reason-
able to assume that the morphology of the complex phase has
a significant influence on the perovskite crystallization. Hence
this further supports that the altered crystallization properties
of pero, gy could be the result of a changed morphology of the
complex phase.

A possible reason for the restricted perovskite crystallization
could be an increased polycrystallinity of the solvent-complex
structures. We speculate that an increased bending of the
needle during growth, or growth along a non-preferred orien-
tation parallel to the solvent surface could lead to more defi-
cient growth and thus increased polycrystallinity in the complex
needle. Consequently, the growth of perovskite nuclei would
be restricted when reaching a solvent-complex phase grain
boundary, resulting in overall smaller perovskite crystallites. In
the wake of less restricted solvent-complex growth, as it appears
to be the case for slot-die coating, the perovskite phase can crys-
tallize more unhindered.

A more unhindered perovskite crystallization for slot-die
coating is in line with our observations of the perovskite crystal
size exceeding the confinement limit (Figure 8e). Furthermore,
scanning electron microscopy (SEM) images of the final mor-
phologies demonstrate that in the spin coating case (Figure 8f),
the needle morphology is determined by many small grains. In
contrast, the needle structures resulting from slot-die coating
(Figure 8g) appear significantly less polycrystalline, with grain
sizes >1 um.

Thus, it becomes clear that based on the knowledge gained
from the detailed analyses applied to the multimodal optical in
situ spectroscopy in 2.1-2.3, a complete picture on the different
crystallization processes during spin and slot-die coating can be
derived.

3. Conclusion

In summary, we investigated in detail the crystallization pro-
cesses taking place during the one-step solution processing of
MAPDI; via spin and slot-die coating using multimodal optical
in situ spectroscopy. We measured in parallel the time evolu-
tion of PL, light scattering and absorption and utilized PL and
absorption to monitor the crystallization of MAPDI;, while by
measuring the scattered light the crystallization process of the
optically inactive solvent complex phase was accessed.

From the time evolution of PL peak position, integrated scat-
tered light intensity, and the optical density at different photon
energies, we identified the signatures of the different crystalli-
zation processes. We find that for both methods, a solvent-com-
plex phase emerges, followed by perovskite crystallization. The
latter occurs in two steps, separated in time for spin coating,
while for slot-die coating only one perovskite crystallization
phase could be observed.
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Further analysis of the time evolution of the optical param-
eters and their derivatives allowed accessing the kinetics of
each crystallization process. This in turn allowed investigating
the behavior of the crystallization kinetics upon systematically
altering the evaporation rate. Furthermore, the time duration of
the complex phase formation was found to be a suitable inde-
pendent parameter to identify differences in perovskite crystal-
lization kinetics between slot-die and spin coating on a relative
time scale. For both processing methods, the solvent-complex
structure formation and the subsequent perovskite crystalliza-
tion were independent of the evaporation rate on a relative time
scale. In contrast, the second perovskite crystallization during
spin coating proceeds restrictedly with a reduced perovskite
crystal growth rate, where the average crystal sizes do not
exceed =10 nm in at least one spatial direction.

Here, the rapid decrease in solvent level at the beginning of
spin coating, the spectral signature of the scattered light and
microscopy images of the final film revealed that an increased
polycrystallinity and flatter orientation of the solvent-complex
phase are responsible for the changed perovskite crystallization
kinetics.

On the one hand, our work demonstrates that multimodal
optical in situ spectroscopy, combined with detailed data anal-
ysis represents a powerful tool to gain fundamental insights
on the crystallization processes during solution-based halide
perovskite processing. By identifying weomplex as a suitable inde-
pendent parameter, we were able to compare the crystallization
kinetics for both processing techniques quantitatively. Further,
the methodology presented in this work yields potential to also
achieve improved process and film control, e.g., in an indus-
trial context. Here, monitoring (besides PL) the optical trans-
mission signal that contains contributions from absorption as
well as light scattering during the processing can give impor-
tant information about the film coverage and film thickness,
i.e., about the film quality. In the future, the presented meth-
odology can be applied to state-of-the-art precursor chemistries
or solvent mixtures relevant for industrially favorable one-step
processing, and combining multimodal optical spectroscopy
with, e.g., in situ X-ray scattering measurements would further
allow to gain broader insights, e.g., about the perovskite phase
purity.

On the other hand, our work also highlights the high sen-
sitivity of perovskite crystallization kinetics on changes of the
properties of the precursor phase from which perovskite forms.
It thus represents an important step to enhance the general
understanding of the crystallization processes occurring during
halide perovskite evolution, independent of the specific solu-
tion-based coating method.

4. Experimental Section

Thin  Film  Fabrication: Precursors were used as received.
Methylammonium iodide (MAI) was purchased from Dyesol and
Lead(ll) iodide (Pbl,, 99%) was purchased from Acros. ITO substrates
were cleaned in an ultrasonic bath with isopropanol (IPA, analytical
grade (VWR)) followed by O, plasma treatment prior to use. For
precursor solutions used for spin coating and for slot-die coating, MAI
and Pbl, were dissolved in DMF (>99.5%, Fisher Chemical) with a
concentration of 0.7 m.
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Spin-coated perovskite films were prepared using a custom-built
spin coater on ITO substrates with spin speeds of 500 to 2000 rpm in
a one-step processing approach, using 70 UL of precursor solution per
substrate at RT. The setup is shown in Figure Sla in the Supporting
Information.

Slot-die coated perovskite films were prepared using an nRad
slot-die coater system (nTact) on ITO substrates with a coating speed
of 40 mm s7', a gap distance of 60 um and a solvent dispensing rate
of 100 puL s at RT. An air knife (Super Air Knife, Exair) was directed
parallel to the printed precursor film with air pressure between 0.5 and
4 bar. The setup is shown in Figure S1b in the Supporting Information.

Spin coatings and slot-die coatings were performed at ambient air
with a relative humidity in the range of 50%-60%.

In Situ Optical Spectroscopy: In situ optical spectra were recorded with
the setup detailed in Section S1 in the Supporting Information. For the
spin coating measurements, the scattered light of a LED emitting at
490 nm was measured, whereas for slot-die coating, the scattered room
light was detected. PL and scattered light were measured simultaneously
in one spectrum. PL/scattered light and absorption were then recorded
alternating frame by frame, with a frame rate (for pairs of PL/scattered
light and absorption) of 7.5 Hz in the case of slot-die coating and spin
coating at 500 rpm, and with a frame rate of 11.6 Hz for spin coating
with faster spin speeds (i.e., 600—2000 rpm).

Microscopy: Images of the solution processed films were taken with
a Leica DM 2700M using Leica N Plan EPI objectives (20x/0.40 BD and
100%/0.85 BD).

Scanning Electron Microscopy: The samples were characterized by
SEM using a Zeiss Ultra plus, equipped with a field-emission cathode
using an in-lens secondary electron detector and an accelerating voltage
of 3.0 kV.

Supporting Information
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